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Περίληψη 
 
 
 
Σκοπός της διατριβής είναι η ανάπτυξη, μελέτη και πειραματική πιστοποίηση συστήματος 
ελέγχου ταλαντώσεων με χρήση δεσμών ρευστού (αέρας) από ακροφύσια (jets). Οι αρχές 
λειτουργίας και οι δυνατότητες του προτεινόμενου συστήματος ελέγχου ταλαντώσεων θα 
κατανοηθούν με εφαρμογή τους σε απλοποιημένη εργαστηριακή κατασκευή σε μικρή 
κλίμακα, η οποία περιέχει τα βασικά δυναμικά χαρακτηριστικά των πραγματικών 
κατασκευών.  
Η κύρια πειραματική διάταξη είναι ένας ταλαντωτής ενός βαθμού ελευθερίας ο οποίος 
αποτελείται από το κύριο σώμα δεδομένης μάζας το οποίο στερεώνεται στην τράπεζα 
διέγερσης μέσω λεπτότοιχου ελάσματος που ενεργεί ως το κύριο στοιχείο στιβαρότητας του 
μηχανικού συστήματος. Το μηχανικό σύστημα (ταλαντωτής) είναι κατασκευασμένο από 
αλουμίνιο και υποβάλλεται σε εξωτερική διέγερση βάσης μέσω κατάλληλης 
ηλεκτροδυναμικής τράπεζας διέγερσης η οποία έχει δυνατότητες επιβολής αρμονικών, 
περιοδικών και τυχαίων κινήσεων με προεπιλεγμένο συχνοτικό περιεχόμενο. Ο έλεγχος των 
ταλαντώσεων της κατασκευής επιτυγχάνεται με κατάλληλες δυνάμεις οι οποίες προέρχονται 
από την εκτόξευση μάζας ρευστού (αέρα) υπό πίεση από τα δύο κατάλληλα σχεδιασμένα 
ακροφύσια ρευστού που είναι αντικρυστά τοποθετημένα στο κύριο σώμα της κατασκευής και 
στην ίδια διεύθυνση με εκείνη της διέγερσής της. Η διάταξη συνοδεύεται με τις κατάλληλες 
βαθμίδες ρύθμισης για την ενεργοποίηση και απενεργοποίηση των δυνάμεων στα ακροφύσια. 
Η συμπεριφορά του υπό μελέτη μηχανικού συστήματος παρακολουθείται από κατάλληλους 
αισθητήρες μετατόπισης, ταχύτητας και επιτάχυνσης, ενώ του υδραυλικού συστήματος 
παρακολουθείται από αισθητήρες πίεσης. Οι επιλογές των χαρακτηριστικών του μηχανικού 
συστήματος και των υδραυλικών συστημάτων έγιναν μετά από λεπτομερή θεωρητική 
ανάλυση έτσι ώστε το σύστημα να έχει τις απαιτούμενες προδιαγραφές και να αξιοποιείται 
στο μέγιστο βαθμό ο διαθέσιμος εξοπλισμός και οι υπάρχουσες εργαστηριακές δυνατότητες. 
Παράλληλα, αναπτύχθηκε κατάλληλο λογισμικό ελέγχου των χρονικών στιγμών ανοιγο-
κλεισίματος των βαλβίδων παροχής ρευστού με βάση τις στιγμιαίες μετρήσεις των χρονο-
μεταβαλλόμενων επιταχύνσεων του μηχανικού συστήματος που προέρχονται από τους 
αισθητήρες επιτάχυνσης. 
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Η κατασκευή υπεβλήθη σε πειράματα ελέγχου ταλαντώσεων για τρεις διαφορετικούς τύπους 
διεγέρσεων βάσης: αρμονικές, περιοδικές με συμμετοχή πολλαπλών αρμονικών, και 
σεισμικές διεγέρσεις. Τα πειράματα επικεντρώθηκαν στον έλεγχο ταλαντώσεων με πίδακες 
αέρα. Μελετήθηκε με συστηματικό τρόπο η επιρροή της πίεσης του ακροφυσίου και του 
επιπέδου ενεργοποίησης των ακροφυσίων στην αποτελεσματικότητα των δεσμών αέρα για 
τον μείωση των ταλαντώσεων της εργαστηριακής κατασκευής. Εξακριβώθηκε από τα 
πειράματα ότι οι πίδακες αέρα είναι αποτελεσματικοί στον έλεγχο των ταλαντώσεων που 
προκαλούνται από αρμονικές, περιοδικές και σεισμικές διεγέρσεις. Η επιτευχθείσα μείωση 
του μεγέθους των ταλαντώσεων ξεπερνά το 50% των ταλαντώσεων που προκύπτουν χωρίς 
την επενέργεια των συστημάτων ελέγχου. 
Οι συστηματικές πειραματικές μελέτες επίσης ανέδειξαν τις σχέσεις που διέπουν τα επίπεδα 
μείωσης των ταλαντώσεων με τις τιμές των πιέσεων στα ακροφύσια και τα επιθυμητά 
επίπεδα ταλάντωσης στα οποία ενεργοποιούνται τα ακροφύσια. Παρατηρήθηκε ότι η 
επίτευξη της μέγιστης απόδοσης των δεσμών για τον έλεγχο των ταλαντώσεων 
παρουσιάζεται για συγκεκριμένες βέλτιστες τιμές των πιέσεων στα ακροφύσια και των 
επιπέδων ενεργοποίησης των δεσμών αέρα. Τέλος, πιστοποιήθηκε πειραματικά η 
αποδοτικότητα των δεσμών αέρα ως ενεργοί μηχανισμοί ελέγχου των ταλαντώσεων των 
κατασκευών για διαφορετικούς τύπους εξωτερικών διεγέρσεων. 
Οι επιτυχημένες μελέτες στην απλοποιημένη εργαστηριακή κατασκευή προσφέρουν 
προοπτικές επιτυχίας ενεργού ελέγχου ταλαντώσεων με πίδακες ρευστού σε πιο σύνθετες 
κατασκευές όπως μεταλλικές κατασκευές πολιτικού μηχανικού, ελαφριές αεροναυπηγικές 
κατασκευές, ρομποτικούς βραχίονες, αξονικά κινούμενα συστήματα, καλωδιοτές κατασκευές 
(π.χ. γέφυρα τύπου Ρίου-Αντιρρίου), εξέδρες άντλησης υδρογονανθράκων αλλά και κάθε 
είδους παράκτιες κατασκευές οι οποίες είναι επιρρεπείς σε ταλαντώσεις προερχόμενες από 
περιβαλλοντικές και λειτουργικές φορτίσεις. 
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Summary 
 
 
 
The purpose of this study is to experimentally examine and verify the effectiveness of fluid jet 
pulses to actively control the vibrations of flexible structures. The operating principles and 
capabilities of the proposed control system is understood by applying it in a simplified small 
scaled laboratory structure, which contains the basic dynamics of real structures.  
The main experimental structure is a one degree of freedom aluminum made oscillator which 
consists of a main body of a given mass attached at the top of a vertical slender beam with 
rectangular cross section, while the lower end is attached to an electrodynamic shaker. The 
mass provides the inertia, while the beam provides the stiffness and the damping of the 
structure respectively. The shaker is able to provide harmonic, periodic and random 
excitations with preselected frequency content. The structural control is achieved with 
appropriate forces that are applied by ejecting fluid mass under pressure through a pair of 
appropriately designed nozzles. The nozzles are placed on the two opposite sides of the main 
body of the structure located on the top of the cantilever beam. The experimental setup is 
accompanied by appropriate solenoid electrovalves for activation and deactivation of control 
forces. The structure behaviour is monitored by displacement, velocity and acceleration 
sensors, while the hydraulic system is monitored by pressure sensors. The design of the 
structural and hydraulic systems is made after a detailed theoretical analysis so that it has the 
required specifications and exploits to the highest degree the available equipment and 
laboratory capabilities. Additionally, appropriate control software is developed, in order to 
regulate the open/close timing of the solenoid electrovalves according to the temporal 
variation of the acceleration response of the structure recorder by the acceleration sensors. 
The experimental structure was subjected to vibration control experiments for three different 
types of base excitations: harmonic, periodic involving multiple harmonic components and 
earthquake excitations. All the experiments are focused on vibration control with air jets. 
Systematic studies are performed to investigate the jet trigger level and the jet air pressure 
values on the effectiveness of the present control system. It was experimentally verified that 
the air jets are effective in controlling the vibrations caused by harmonic, periodic and 
earthquake excitations. The achieved reduction in the intensity of the oscillations exceeds 
50% of the oscillation without the effect of the control system. 
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All the experimental studies demonstrated the relation governing the reduction of vibration 
levels with the jet air pressure and the desired control levels in which the jets are activated. It 
was observed that the maximum performance of the control system is achieved for specific 
optimal jet air pressure and control level values. Finally, the efficiency of the jet pulses as an 
active control system for different types of excitations is experimentally verified. 
The successful studies performed on the simplified laboratory structure are promising for 
active vibration control using jet pulses of more complicated structures such as civil 
engineering metallic structures, lightweight aerospace structures, robotic arms, axially moving 
systems, cable stayed structures (e.g. Rio-Antirio bridge), oil platforms and any kind of 
coastal structures that are prone to vibrations coming from ambient and operational loads. 
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Chapter 1 
 
Introduction 
 
 
 
1.1 Research context  
 
Structural Control is the design or modification of a system to suppress unwanted vibrations 
or to reduce force or motion transmission. The overall objective of structural control theory is 
to make a system operate in a more desirable way [Yao (1972)]. 
The design parameters include inertia properties, stiffness properties, damping properties, and 
even the system configuration, including the number of degrees of freedom. The selection of a 
particular type of structural control system is governed by a number of factors which include 
efficiency, compactness and weight, capital cost, operating cost, maintenance requirements 
and safety. In evaluating the performance of a structural control system, fundamental 
characteristics should be examined and the general measures for performance evaluation 
should be prepared based on the following parameters. 
 
 Dimensions of the device 
 Weight of device, including moving parts 
 Maximum stroke and maximum speed 
 Number of moving masses and driver units 
 Power of driver unit 
 Number, type, characteristics and mechanism of sensors 
 Number and system of computer and method of detecting abnormal operation 
 Provision of software (number of subprograms) 
 Number of control modes or control frequency range 
 Control method and algorithms 
 Countermeasures to malfunctions 
 Countermeasures to accidents and abnormal operation 
 Countermeasures to environmental effects and maintenance 
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 Economy (initial and running costs) 
 Result of response in the time domain 
 
For structural control of ambient and operational induced excitations, uncertainty exists in the 
mathematical models of the structure, in the control system and in the monitoring system. 
These uncertainties affect the efficiency of the control system and may lead to malfunctions 
or failure of the structure. Errors or uncertainties in mathematical modelling consist of 
inaccuracy of identified system parameters and a lack of information of higher modes due to 
simplification, which causes spill-over problems. Uncertainties in the monitoring system 
include time delay, noise and failures. 
For all these reasons the engineering community has introduced the concept of Structural 
Control. The structure is regarded as a dynamic system in which its modal properties, the 
stiffness or the damping or both of them, can be adjusted in such a way that the dynamic 
effect of the load on the structure decreases to a satisfactory level. The structure response is 
modified in such a way that the dynamic environmental loads are reduced. The natural 
frequency of the structure, its natural shape and the corresponding damping values are 
changed in such a way that the dynamic forces from the ambient and operational loads are 
reduced. Researching each control system is necessary to determine which will produce the 
required performance. Structural control systems have and will allow for new designs that 
produce safer and more comfortable civil engineering structures. 
Many structures have been built as passive structures. Passive structures use their mass to 
resist external forces. As passive structures, they can not adapt to a changing environment. 
Many factors have surfaced as keys to build better structures. These factors are: flexibility, 
safety, material and lower costs. Thus, structural control takes on a new technology that 
permits the design of lighter structures with control devices. Structural control is now an area 
of heavy research for its means of controlling systems through an external energy supply or 
not in order to extend their life. 
In what follows, basic principles of structural control systems are illustrated using a single-
degree-of-freedom (SDOF) mechanic model [Soong and Spencer (2002)]. Consider the lateral 
motion of a SDOF model consisting of a mass m , supported by springs with total linear 
elastic stiffness k , and a damper with damping coefficient . The system is then subjected to 
an ambient stochastic load like wind or earthquake load where 
c
 gx t  is the ground 
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acceleration. The excited model responds with a lateral displacement  relative to the 
ground which satisfies the equation of motion: 
 tx
 
gmx cx kx mx       (1.1) 
 
and is schematically presented in Figure 1.1. 
 
 
Figure 1.1: Conventional structure under external loading 
 
As a result of this approach, many new and innovative concepts for structural control have 
been advanced and are at various stages of development. These concepts can be classified 
according to their energy consumption into four main categories, namely Active Control 
Systems (ACS), Passive Control Systems (PCS), Hybrid Control Systems (HCS) and Semi-
Active Control Systems (SACS) [Symans and Constantinou (1999), Housner et al. (1997), 
Fujino et al. (1996)]. 
In structural control research area, great effort has been reported without meaning that it has 
already saturated. Indeed, as reported by the literature, that effort spans from smart, simple 
and reliable passive control systems to complicated and state of the art control algorithms. 
Moreover, a part of them has made no progress by remaining as simulation ideas for future 
laboratory applications but some others have already applied to real structures with moderate 
or even amazing results for human and structure safety. 
 
 
1.2 Thesis objective  
 
The objective of this thesis is to experimentally verify the effectiveness of jet pulse control 
systems (JPCS) on controlling the vibrations of lightweight and flexible structures excited by 
various types of excitations. This is achieved by designing and performing an active vibration 
control experiment on a small-scale laboratory structure. Specifically, a SDOF structure that 
arises from a simple vertical cantilever beam with a heavier body attached at the top of the 
beam, is tested on a small shaking table under different types of excitations and the efficiency 
of the jet pulses for controlling the vibrations of the structure is evaluated. The focus of this 
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work is on the experimental investigation and verification of some of the numerous practical 
issues one meets in the development of structural controllers based on mass-ejection 
techniques. On line pulse control algorithm is implemented to control the vibrations of the 
free end of the body mass using the actuating control forces.  
While many studies have been made on the field of pulse control of structures, only a few 
have investigated and experimentally applied such a nonlinear control concept [Brambilla 
(1999), Miller et al. (1988), Dehghanyar et al. (1984a), (1984b), (1983), Stafford and Masri 
(1974)]. The present work is a extensive and systematic parametric study that gives insight 
into the effectiveness of jet pulse controllers and their sensitivity to the parameters involved 
such as jet air pressure levels, control levels beyond which the jets are activated or de-
activated, as well as the characteristics of the excitation. It is experimentally verified that jet 
pulses are promising actuating devises for controlling the vibrations of simple structures. 
The main motivating factors for conducting the present research include the reduction of 
undesirable vibration levels of lightweight flexible structures, space structures, flexible robot 
arms, axially moving systems, ocean ships, tall buildings, oil platforms as well as cable 
structures, due to operational loads or unexpected strong environmental loads. Owing to large 
flexibility, relatively small mass and extremely low damping, all these structures are 
susceptible to vibration caused by rain, wind, earthquake, waves and operational induced 
excitation from the level of human comfort to human life and even structural safety. The 
motion of such structures is important because when it is sufficiently large, safe operation is 
no longer ensured, while people occupying them may also become uncomfortable and even 
experience motion sickness.  
 
 
1.3 Organization of this thesis 
 
The present thesis is organised as follows. 
In Chapter 2, a structural control review takes place. A brief presentation of all the main 
categories of structural control systems is given. Active control systems, passive control 
systems, hybrid control systems as well semi-active control systems are first presented and 
their advantages and disadvantages are discussed. Additionally, the effectiveness of a control 
system on a structure is introduced and the controller contribution to the analytical modelling 
of structures is also referenced. The Bounded State Control (BSC) algorithm used in the 
present thesis is then analysed in detail.  
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In Chapter 3, a detailed presentation of the whole design and instrumentation process of the 
experimental system, including detailed mechanical drawings, is given. A methodology for 
optimal design and selection of the jet pulse control system parameters is also given as well as 
the jet design and calculation of the control forces are presented. Finally, the I/O computer 
interface hardware and software with the experimental setup is presented. 
In Chapter 4, the modal characteristics of the laboratory structure are identified. For this, a 
review of system identification techniques based on frequency response functions is first 
given. Then, the modal identification methodology for estimating the modal frequencies, 
modal damping ratios and modeshapes based on frequency response functions is briefly 
presented. Finally, the modal identification results for the electrodynamic shaker, for the 
cantilever structure as well as for the coupled system shaker-cantilever structure are given.  
In Chapter 5, the effectiveness of the designed jet pulse control system is demonstrated for 
harmonic and periodic excitations. Specifically, a parametric study with results showing the 
effectiveness of the controller for the single-tone and multi-tone harmonic excitations is 
presented. The effect of jet air pressure and the control level on the effectiveness of the 
controller is thoroughly investigated. Experimental data are also used to demonstrate the 
effect of the time delay of the effectiveness of the present controller. 
In Chapter 6, the effectiveness of the designed jet pulse control system is demonstrated for 
earthquake excitations. The method for generating artificial earthquake displacement time 
histories is firstly described. A parametric study with results showing the effectiveness of the 
controller for the case of earthquake excitations is investigated for three earthquake signals 
corresponding to different frequency content. The effect of jet air pressure and the control 
level on the effectiveness of the controller is investigated in detail. 
Finally, Chapter 7 summarizes the conclusions and the novel contributions of this work. Also 
it presents suggestions for future research on issues related to this thesis. 
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Chapter 2 
 
Review of structural control 
 
 
 
2.1 Introduction 
 
A structure under dynamic loading can be reliably controlled by knowing some information 
about the excitation and the resulted response at any time during its working lifetime. To date 
the methods of Structural Control have been classified into four main categories according to 
their energy consumption. In Active Control System (ACS), an external source powers 
control actuator(s) that apply forces to the structure in a prescribed manner. In Passive 
Control System (PCS), an external power source is not required and the necessary control 
forces are developed in response to the motion of the structure. In Hybrid Control System 
(HCS), a combined use of ACS and PCS takes place. In Semi-Active Control System 
(SACS), the external energy requirements are orders of magnitude smaller than typical ACS. 
The effectiveness of a Structural Control System into a structure is also mentioned as well as 
the background of a control algorithm application. Bounded State Control (BSC) theory is 
examined in more detail since it is the main control algorithm used in this Thesis. Although in 
theory the majority of Structural Control algorithms may work perfect, in practice several 
implementation problems are faced that have to be overcome in order the control algorithm to 
be effective. One of the problems that cannot be ignored is the time delay between data 
acquisition and control trigger.  
This chapter is organised as follows. In Section 2.2, a detailed presentation of Active Control 
Systems is given. Section 2.3 concentrates on Passive Control Systems and their applications. 
Hybrid Control Systems as well Semi-Active Control Systems are introduced in Sections 2.4 
and 2.5, respectively. The effectiveness of a control system on a structure is introduced in 
Section 2.6. The controller contribution to the analytical modelling of structures is presented 
in Section 2.7. The Bounded State Control (BSC) algorithm used in the present thesis is 
briefly analysed in Section 2.8. The drawbacks of Active Control Systems and in particular 
the time delay problem are presented in Sections 2.9 and 2.10. 
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2.2 Active Control Systems 
 
The concept of Active Control Systems (ACS) was first introduced by Yao (1972) who was 
primarily responsible for the awareness of potential benefits of ACS applied on civil 
engineering structures. ACS operate by using external power in the order of tens of kilowatts 
supplied to operate actuators imparting control forces on the structure in a prescribed manner 
[Symans et al. (1994)]. These forces can be used either to add or dissipate energy on the 
structure. They are sufficiently effective because of their ability to adapt to different loading 
conditions, to control different vibration modes of the structure and to select the control 
objectives either emphasizing on human comfort or other aspects of structural motion. These 
forces can be used to both add and dissipate energy in the structure and have the possibility to 
destabilize the overall system [Housner et al. (1997)]. 
An ACS consists of the following main parts [Brogan (1991), Soong (1990), Meirovich 
(1990)]: 
 Sensors or transducers placed on specific locations of the structure in order to 
measure the external excitation and structural response like displacements, velocities 
and accelerations. 
 Computational hardware which processes the acquired signal from the sensors and 
applies specific control algorithm(s) to compute the necessary control forces. 
 Actuators which applies the resulted from control algorithm(s) control forces to the 
structure. 
While considerable theoretical efforts have been made, much more work is needed before 
actual implementation of ACS to civil engineering structures can be realized. The practical 
implementation of ACS requires not only considerations of economy and reliability but also 
experimental verifications and demonstrations [Soong (1988), Yao (1972)]. 
They are surely the most effective structural control systems, but they also show some 
disadvantages like the need for a lot of power to operate that have led to a low number of 
implementations. However, since the large amount of power required for their operation may 
not always be available during a strong environmental event, they are not as reliable. Cost and 
maintenance of such systems is also significantly higher than other Structural Control 
systems. Simultaneously, a large number of serious challenges remain and must be dealt with, 
before the ACS is accepted from the wide construction community. 
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These challenges include: 
1. reducing capital cost and maintenance 
2. eliminating reliance on external power 
3. increasing system reliability and robustness and 
4. gaining acceptance of non-traditional technology. 
It should be mentioned that the basic concepts of ACS are not new, as they have been the 
staple of electrical and control engineering for many decades. Moreover, they have been 
applied successfully in a variety of disciplines such as mechanical and aerospace engineering. 
More recently, motion control of large space structures has also been a subject for intensive 
research. While much of the theoretical basis is rooted in modern control theory, its 
application to civil engineering structures is unique in many ways and presents a host of new 
challenges [Soong (1988)]. 
The appropriate control action is typically determined based on the structural response and/or 
the external excitations measured by appropriate sensors and with the help of appropriate 
devices, the measured information is processed to compute the necessary control forces based 
on a given control algorithm. Afterwards, digital signals are converted to analog ones in order 
to be sent to actuators which are usually powered by external energy sources to produce the 
required forces, as shown schematically in Figure 2.1. Because the control forces are not 
entirely dependent on the local motion of the structure (although there is some dependence on 
the local response due to the effects of the control-structure interaction), the control systems 
are considerably more flexible in their ability to reduce the structural response for a wide 
variety of loading conditions. In these ACS, the signals sent to control actuators are a function 
of system response measured with physical sensors [Soong and Spencer (2002), Housner et 
al. (1997)]. 
 
 
Figure 2.1: Schematic diagram of Active Control Systems 
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When only the structural response variables are measured, the control configuration is 
referred to as closed loop control since the structural response is continually monitored by 
physical sensors and this information is used to make continual corrections to the applied 
control forces. An open loop control configuration results when the control forces are 
regulated only by the measured excitation, which can be achieved, for earthquake inputs, by 
measuring accelerations at the structural base. In the case where the information on both the 
response quantities and excitation are utilized for control design, the term open-closed loop 
control is used. 
Most of the current research on ACS for aseismic protection has focused on either full state 
feedback strategies or velocity feedback strategies. However, accurate measurement of the 
necessary displacements and velocities of the structure is difficult to achieve directly, 
particularly during seismic activity. Displacements and velocities are not absolute, but 
dependent upon the inertial reference frame in which they are taken, their direct measurement 
at arbitrary locations on large-scale structures is difficult to achieve. During seismic activity, 
this difficulty is exacerbated, because the foundation to which the structure is attached is 
moving with the ground and does not provide an inertial reference frame. Alternatively, 
because accelerometers are inexpensive and can readily provide reliable measurement of the 
structural accelerations at strategic points on the structure, development of control methods 
based on acceleration feedback is an ideal solution to this problem. ACS work well with the 
use of new materials and new construction methods. It also safeguards against structures with 
excessive vibrations. 
ACS use a wide variety of actuators, including active mass dampers as the most commonly 
used ACS, active mass drivers, active tendon systems, active variable stiffness systems and 
pulse thrusters. Additionally, they use computer controlled actuators to produce the best 
performance. 
An active mass damper uses a spring-mass-damper system. It does, however, include an 
actuator that is used to position the mass at each instant, to increase the amount of damping 
achieved and the operational frequency range of the device. It suppresses the oscillations of a 
structure by actuating a weight to control axial forces and is very effective in controlling 
oscillations in high winds and in medium-sized earthquakes. The first implementation of this 
control method and of an ACS in general, was performed in 1989, in the Kyobashi Seiwa 
building in Tokyo, Japan, by the Kajima Corporation [Soong and Spencer (2002), Spencer 
and Soong (1999), Korobi et al. (1991a), (1991b)]. 
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A couple of active mass damper was installed to suppress dynamic response caused by 
earthquakes and strong winds. It was reported that the building had experienced several 
moderate earthquakes and strong winds in which ground accelerations, wind velocities and 
structural response had been measured. The schematic diagram of the active mass damper is 
shown in Figure 2.2 [Datta (2003)]. 
 
 
Figure 2.2: Active Mass Damper concept 
 
Jet Pulse Control System (JPCS) is included in modern ACS. The necessary control forces are 
pulses of short duration, produced by a gas pulse generator, in the form of air/gas/fluid jets 
mounted on the structure. Its operating principle is based on the principle of Momentum 
Conservation. The application of pulses at discrete time instants and the corresponding 
magnitudes are regulated by the control algorithm and the measured structural response. The 
compressed air/gas/fluid is stored in tank(s) and it flows towards a semi-rigid pipe to the final 
jet actuators simply realised as nozzles. The flow is controlled by on/off solenoid electro-
valves and the system response is monitored by different sensors but mainly by 
accelerometers [Brambilla (1999), Miller et al. (1988)]. The main achievement is that the 
resulting control system is independent of external energy supply, as the necessary energy has 
been stored as compressed air/gas/fluid in the tank(s). By this way, the valuable reliability of 
the control system is not affected by the availability of external electric power supply that in 
case of extreme ambient loading, like strong winds and earthquake may be interrupted. 
An ACS model must take into account the machine part which generates the control force, the 
controller which calculates the control force based on the control algorithm and sensors which 
measure response and excitation. Based on mathematical modelling, the ACS can be 
classified as: 
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 Linear control system in which all mathematical equations and operations are linear. 
 Non-linear control system in which all mathematical equations and operations are 
non-linear. 
 Time-varying control system in which the control functions and parameters change 
with time. 
 Time-invariant control system in which the control functions and parameters do not 
change with time. 
 Discrete time control system in which the control parameters vary at discrete time 
intervals. 
 Continuous time control system in which the control parameters vary continuously in 
time. 
 Lumped parameter control system in which the control parameters are lumped. 
 Distributed parameter control system in which the control parameters are function 
of space. 
 Deterministic control system in which all mathematical equations and operations are 
deterministic. 
 Stochastic control system in which all mathematical equations and operations are 
stochastic. 
 
 
2.3 Passive Control Systems 
 
Passive Control Systems (PCS) alleviate energy dissipation demand of the structure by 
reflecting or absorbing part of the input energy, thereby reducing possible structural damage 
[Housner et al. (1997)]. The appropriate control forces are developed as a result of the motion 
of the structure. A PCS consists of an appended or embedded device that enhances basic 
modal properties of the structure like the stiffness or the damping in an appropriate manner 
without requiring an external power source to operate or feeding energy to the structure. The 
basic concept of these devices is to increase the effective structural damping of the structure 
near a critical mode of vibration by dynamically coupling the structure to an absorber system 
as well as increasing its inherent stiffness and strength. In general such systems are 
characterized by their capability to enhance energy dissipation in the structure in which they 
are installed. 
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All vibrating structures dissipate energy due to internal stressing, rubbing, cracking, plastic 
deformations and so on. The larger the energy dissipation capacity is accomplished, the 
smaller the vibrations amplitude is experienced. The majority of structures have very low 
damping (of the order of 1% of critical damping) and consequently experience large vibration 
amplitudes even under light ambient loads (light winds, soft earthquakes). Methods of 
increasing the energy dissipation capacity are very effective in reducing the vibration 
amplitude. Some methods of increasing damping have been utilized and some others have 
been proposed [Housner et al. (1997)]. 
So, they are very reliable since they are not affected by power outages which are common 
during strong environmental events. They dissipate energy using the structure’s own motion 
to produce relative movement within the control device or by converting kinetic energy to 
heat [Symans et al. (1994)]. Since they do not inject energy into the structure they are unable 
to destabilize it, their maintenance requirements are very low and they are low in cost and 
effective for support of structures in low structural risk areas [Soong and Spencer (2002), 
Housner et al. (1997)]. 
Although they are simple and generally low in cost, they are unable to adapt changing needs 
as they can not deal with the change of either external loading conditions or usage patterns. 
They are only effective for narrow-banded frequency range and not so much effective for 
transient vibration due to nonstationary excitation. PCS are most commonly used in new and 
existing structures that are placed in windy and low seismic areas. From an historical point of 
view, PCS have already extensively studied from both the theoretical and the experimental 
sides, and many practical realizations have already been implemented, especially in the USA, 
Japan and China [Soong and Dargush (1997), Soong and Constantinou (1994)]. 
Consider now the addition of a generic PCS into a structure which is schematically presented 
by Figure 2.3. 
 
 
Figure 2.3: Schematic diagram of Passive Control Systems  
 
PCS usually employ passive supplemental damping devices which are usually called 
secondary structures. These devices protect the main structure by increasing its energy 
dissipation capacity. The secondary structure works by absorbing a portion of the input 
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energy, thereby reducing energy dissipation demands and preventing damage to the main 
structure. This effect is achieved either by converting kinetic energy to heat or through the 
transfer of energy among vibration modes. 
That method utilizes devices that operate on principles such as frictional sliding, yielding of 
metals, phase transformation in metals and deformation of viscoelastic solids or fluids [Soong 
and Spencer (2002), Soong and Dargush (1997)]. Generally speaking, PCS include base 
isolation systems, tuned mass dampers, tuned liquid dampers, tuned liquid column dampers, 
bracing systems, metallic yield dampers, friction dampers, viscoelastic dampers, viscous fluid 
dampers and viscous damping walls. There have been numerous investigations, both 
analytical and experimental, into the area of PCS application for tall and flexible structures. 
The most famous PCS which incorporate dynamic vibration absorbers are tuned mass 
dampers and tuned liquid dampers. 
A tuned mass damper is a mass that is supported by a pendulum arrangement such as a simple 
pendulum which is designed to reduce structure motions by applying inertial and damping 
forces opposite to the direction of structure ones. Through intensive research and 
development in recent years, the tuned mass damper has been accepted as an effective 
structure control device for both new structures and existing ones to enhance their reliability 
against ambient and manmade excitations [Li (2000), Jangid (1999), Sadek et al (1997), Abe 
and Fujino (1994), Tsai and Lin (1993), Clark (1988), Den Hartog (1947)]. 
A tuned liquid damper is another type of PCS which utilizes the motion of a sloshing fluid to 
reduce responses of a structure. Their mechanism is similar to a tuned mass damper one but it 
utilizes the liquid motion for vibration control of structures [Fujino et al. (1992), (1988)]. 
There are many reasons for installing PCS in structures. The ability to guarantee a certain 
amount of damping by auxiliary damping devices significantly improves structural design 
reliability whereas uncertainty of inherent structural damping reduces it. In designing 
ambient-excited sensitive structures, possibly employing auxiliary damping devices, designers 
have to choose the most suitable device based on their judgment of its effectiveness and on 
the various design conditions [Tamura (1998)]. 
 
 
2.4 Hybrid Control Systems 
 
ACS and PCS may be combined to form Hybrid Control Systems (HCS) as shown in Figure 
2.4. An HCS may use an ACS to supplement and improve the performance of a PCS scheme. 
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Since a portion of the control objective is accomplished by the PCS, it implies less ACS effort 
and less power resource requirement. By operating both systems together enhances the 
robustness of the PCS and reduces the energy requirements of the ACS [Soong and Spencer 
(2002)]. Another benefit of HCS is that in the case of a power outage, the passive component 
of the control system may still offers some degree of protection, unlike an ACS. 
It should be noted that the only essential difference between an ACS and an HCS scheme is, 
in many cases, the amount of external energy used to implement the necessary control forces. 
HCS schemes alleviate some of the limitations that exist for either a PCS or an ACS acting 
alone, thus leading to an improved solution. 
 
 
Figure 2.4: Schematic diagram of Hybrid Control Systems 
 
There are two main approaches for the implementation of HCS: the hybrid mass damper and 
the hybrid seismic isolation system. 
Hybrid mass dampers have recently been introduced to exploit the benefits of both the 
conventional tuned mass dampers and active mass dampers. It combines a tuned mass damper 
with an active actuator to enhance its robustness to reduce structural vibrations under different 
loading conditions. Moreover it is programmed to function as either a conventional tuned 
mass damper or as an active mass damper according to the ambient conditions, the resultant 
structure and the mass damper vibration characteristics. Usually, the energy required by 
hybrid mass dampers is far less than that required by an active mass damper with comparable 
performance. This restricts the operation of the active mode of control to only when an 
optimum increase in damping and a large reduction in induced response are required. At other 
times when moderate increase in damping and reduction in induced response are adequate, the 
system operates in a passive mode. While the initial capital cost would remain high because 
of the added cost of the active capacity, there is a considerable saving in operating and 
maintenance cost. 
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Hybrid seismic isolation system consists of ACS in base isolated structures. Although base 
isolation has the ability to reduce interstory drifts and structural accelerations, it increases 
base displacement, hence the need for an ACS [Spencer and Sain (1997)]. 
HCS development directly follows that of the ACS and PCS. Their application is still limited, 
even if some tuned mass dampers equipped with a little active mass damper were patented 
and installed in some buildings in Japan. 
 
 
2.5 Semi-Active Control Systems 
 
A compromise between ACS and PCS has been developed in the form of Semi-Active Control 
Systems (SACS) as depicted in Figure 2.5. In a SACS, energy is used to change the 
mechanical properties of the structure, such as damping or stiffness, which can be adjusted in 
real time to improve its performance but can not inject energy into the controlled structure 
[Housner et al. (1997), Spencer and Sain (1997)]. SACS are essentially PCS that can be 
controlled and cannot increase the mechanical energy in the structure so they do not have the 
potential to destabilize the system. Changes in the structure mechanical properties are based 
on feedback from measured responses and/or ground excitation [Soong and Spencer (2002), 
Jansen and Dyke (2000), Spencer et al. (1997)]. 
 
 
Figure 2.5: Schematic diagram of Semi-Active Control Systems 
 
Since external power is only used to change system properties and not to generate a control 
force, power requirements are very low, on the order of tens of watts [Symans and 
Constantinou (1997), Symans et al. (1994)]. So, they can operate on battery power alone 
making them quite advantageous during strong ambient events when the main power may fail. 
SACS offer another alternative in structural control like including better performance than 
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PCS, versatility and adaptability of ACS without the large power requirements, stability as 
well as reliability since they function as PCS in case of power outage. They maintain the 
reliability of PCS while taking advantage of the adjustable parameter characteristics of an 
ACS [Yang et al. (2002), Soong and Spencer (2002), Spencer and Soong (1999)]. 
A variety of SACS have been proposed, including variable orifice devices, variable stiffness 
control devices, variable friction devices, semi-active tuned mass dampers, adjustable tuned 
liquid dampers, adjustable tuned liquid column dampers, controllable fluid dampers such as 
magnetorheological dampers and electrorheological dampers. 
These systems have attracted much attention recently because they pose the adaptability of 
ACS, yet are intrinsically stable and operate using very low power. Because these devices are 
adaptable, they are expected to be quite effective for structural response reduction over a wide 
range of loading conditions. The control strategy of a SACS is based on the feedback of 
structural motions. Different control algorithms can be adopted directly from ACS. 
SACS are, at present, the most studied solution, from theoretical, numerical and experimental 
points of view, because of their excellent characteristics between ACS and PCS techniques 
while they are frequently viewed as controllable PCS. 
 
 
2.6 The effectiveness of a structure control system 
 
To be more specific, ACS, SACS and HCS structural control systems are a natural evolution 
of PCS technology. The possible use of ACS and some combinations of PCS and ACS as a 
means of structural protection against ambient and manmade excitations has received 
considerable attention in recent years. 
A significant number of tall buildings, towers, and cable stayed bridges, particularly in Japan, 
USA and China, are fitted with a variety of those systems to reduce the dynamic response 
caused by ambient and manmade excitations. Although it is not yet routine design practice to 
design damping capacity into a structure, or to consider the need for other mechanical means 
to increase the damping capacity of it, this has become increasingly more common in the new 
generation of tall and super tall structures. The selection of a particular type of Structure 
Control system is governed by a number of factors which include efficiency, compactness and 
weight, capital cost, operating cost, maintenance requirements and safety. 
For vibration control of ambient-induced responses, uncertainty exists from mathematical 
modelling of the structure to the monitoring system of the Structure Control system. These 
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uncertainties affect the efficiency of the Structure Control system and may lead to 
malfunctions or failure. Errors or uncertainties in mathematical modelling consist of 
inaccuracy of identified system parameters and a lack of information of higher modes due to 
simplification, which causes spill-over problems. Uncertainties in the monitoring system 
include time delay, noise and failures. 
The effectiveness of a Structure Control system is usually measured in terms of structural 
safety, human comfort and minimum cost and is mathematically depicted by evaluating few 
indexes such as the maximum values (peaks) and the Root Mean Square (RMS) values of 
structural response time histories, or the ratio of these values measured in the controlled 
system and in the uncontrolled one. 
Structural safety can be ensured by imposing a constraint on the maximum allowable 
deflection and/or acceleration at one or more critical locations of the structure. In addition, a 
human comfort requirement dictates that the acceleration should not violate some acceptable 
criterion. The cost imposes a third constraint and it can usually be expressed as a function of 
the magnitude of the control forces applied to the structure. While it is desirable to maximize 
the safety and to minimize the cost, both requirements cannot be achieved simultaneously. 
 
 
2.7 Control algorithms 
 
The majority of the control algorithms reported in the literature are based on deterministic 
control system with lumped parameters and time-varying control operations. The 
mathematical equation of motion for all control algorithms has the following structure: 
 
         M x t Cx t Kx t Du t Ef t      (2.1) 
 
where M , ,  are mass, damping and stiffness C K n n  matrices respectively,  x t  is the -
dimensional displacement vector, 
n
 u t  is the m -dimensional control force vector,  is the 
 location matrix of control force, 
D
n m  f t  is the -dimensional applied load vector and  
is the  location matrix for the excitation forces. 
r E
n r
Supposing that open-closed loop control configuration is used, the control force vector  u t  
takes the following approximate form: 
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       1 1 1u t K x t C x t E f t    (2.2) 
 
where ,  and  are respectively control gains which can be time dependent. From the 
Equations (2.1) and (2.2), it follows that  
1K 1C 1E
 
             1 1 1M x t C DC x t K DK x t E DE f t        (2.3) 
 
From Equation (2.3), it is seen that the effect of open-closed loop structural control is to 
mathematically modify the structure modal parameters like damping and stiffness as well as 
the excitation in such a way that the structure response, in principle, can be totally eliminated. 
However, in real practice, it is not possible to totally eliminate the structure response. 
Different degrees of structure response control are achieved by tuning the above control gain 
matrices ,  and  primarily depended on the control algorithms selected. 1K 1C 1E
It is seen that the concept of ACS is immediately appealing and well promising. The 
controller may either modify the modal properties of a structure in such a way that its 
response will be favourably accepted, or may reduce the excitation level transmitted to the 
structure. 
 
 
2.8 Bounded state control theory (bang-bang controller) 
 
A particular class of control algorithms which is referred to as Bounded State Control (BSC) 
is applied to the experimental structure. BSC presents one common aspect that seems to be 
very promising as guaranteeing the boundedness of the structure state, like selected critical 
displacements and accelerations, to remain within prescribed allowable regions. Pulse control 
algorithms are also included into the present class of control strategies, since they achieve the 
task by applying to the structure appropriate pulse forces whenever a level crossing of the 
response variable is detected. The magnitudes of the pulse forces are adjusted on real time in 
order to keep the state of the structure within prescribed allowable region [Grosso and 
Zucchini (1995), Soong (1990), (1988)]. A train of control force pulses is applied to produce 
responses matching those produced by a continuous control force loading of arbitrary nature. 
Continuous monitoring of the structure state variables is required in order to destroy gradual 
rhythmic build-up of the structural response in the case of resonance, by means of short-
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interval-high-energy pulses [Masri et al. (1982), (1981), (1979), Udwadia and Tabaie (1981a), 
(1981b)]. While many studies have been made on the wide field of pulse control of structures, 
only a few have investigated and experimentally applied such a nonlinear control concept 
[Brambilla (1999), Miller et al. (1988), Dehghanyar et al. (1984a), (1984b), (1983), Stafford 
and Masri (1974)]. It is observed that the controller placed at higher points of the structure 
requires a smaller control force to achieve a large reduction in the response, while the 
controller placed at lower points, requires a larger control force for the same result. As far as 
the control design with incomplete measured data is concerned, it is seen that the control 
performance is best when the sensor and the actuator are located at the highest point of the 
structure [Yang (1975)]. 
In turn, the pulse control design may be anticipatory, namely, pulses are applied a short time 
before an anticipated threshold crossing. These algorithms require state prediction but cover 
the case of non-resonant as well as resonant response [Reinhorn et al. (1987), (1986), Prucz et 
al. (1985), Prucz and Soong (1983)]. 
The bounded force control methods composed of rectangular and pulse-like force is found to 
be more efficient than the linearly varying control force, as produced by linear control (i.e. 
Riccati closed loop control) [Abdel-Rohman and Nayfeh (1987)]. In the nonlinear control 
method, significant reduction in the acceleration of the structure can be achieved with the 
control force even smaller than 1% of the weight of the structure [Suhardjo et al. (1992)]. 
BSC algorithm is relatively simple if compared to other modern control techniques, as it 
requires less on-line computational efforts. Another advantage of the BSC is its applicability 
for inelastic structures and its possible control energy saving. Since small vibration levels are 
tolerated, control forces need to be applied only when it is necessary and a relative small 
amount of energy may be sufficient for periodic corrective actions. While this control 
algorithm is particularly effective for stationary narrow band motions, like harmonic and light 
wind induced vibrations, it is less so for broadband excitations such as earthquakes where 
transient effects are dominant. In addition, one other application field is to reduce the 
structural response under simple harmonic wave loads. The experiments showed its feasibility 
for offshore platforms [Sirlin et al (1986)]. 
The main goal of BSC algorithm is to bring a variable x  to some desired value or setpoint 
setx  and keep it there. This variable could be a state variable, but it may also be some other 
function of the state. The primary input to a control law is the error term , given by: e
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sete x x   (2.4) 
 
A particularly simple way to do this is to test whether the current value x  is over or under the 
favourable value setx  and then pick an action (i.e. control force ) that will push the 
structure in the direction opposite to the error , as demonstrated in Equations (2.5) and (2.6) 
cF
e
 
If  then  (2.5) 0e  cF ON
If  then  (2.6) 0e  cF OFF
 
The constants  and OFF  are chosen to guarantee that the ON x  is positive (so x  is 
increasing) or negative (so x  is decreasing), respectively, and the system switches as rapidly 
as physically possible between ON  and OFF . It essentially responds to the , in order 
to select between constant actions. Because of the sudden changes in control force u , the 
present controller is also called bang-bang controller and its major advantage is its simplicity. 
( )sign e
In the present control algorithm, the favourable value setx  is called ‘control level’. One other 
parameter that it should be mentioned is the ‘hysteresis’ which specifies the amount above 
and below control level setx  value through which acceleration response must pass before a 
trigger level crossing is detected. A trigger hysteresis value is used to prevent noise from 
causing a false trigger. 
The main drawback of the BSC algorithm is that the value of state variable x  does not 
converge to setx , but oscillates continually around it. The control action is either ON  or 
, and there is no linear relationship between the input and output of the controller. Also, 
the repeated discontinuous changes between ON  and OFF  can also be harmful to the 
system. It is also based on the instantaneous effect, (i.e. it is assumed that there exists no time 
delay between the response measurement and the control action). This is never achieved not 
only in the present control algorithm, but also in any kind of control algorithm. 
OFF
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2.9 Implementation problems of ACS 
 
At this point, it is important to notice that the majority of control algorithms are developed 
considering idealized system descriptions under ideal application conditions. A number of 
problems are encountered in the practical implementation of the ACS scheme. Because of 
these problems, ACS have not been widely applied. Apart from the necessity of large power 
sources for the implementation of control schemes, there are some other real time application 
problems which must be addressed, like: 
(i) Modelling error: Modelling the actual structure with limited degrees of freedom in order 
to make easier calculations is the source of this error. The control algorithm based on the 
erroneous idealized model, several times cannot effectively control the actual structure. 
(ii) Time delay: There exists a time lag between sensing the response and applying the 
control force. As a result, unsynchronized application of control force may result, and may 
cause ineffective control and system instability. The control algorithm must be as simple as 
possible to let the computational time be small enough. 
(iii) Limited sensor and controller: It is not practically possible to apply sensors at all points 
of the structure, required to obtain all response quantities of interest as feedback. Therefore, 
the question of sensors and controllers number and location optimization needs attention. 
Moreover, the control forces applied by the system actuators have finite area of effective 
application. Furthermore, the use of an observer for constructing a state vector from the 
limited measurements may reduce the effectiveness of the control schemes. 
(iv) Parameter uncertainties and system identification: These uncertainties include 
uncertainties in the structural strength and problems of online identification and time 
dependent degradation. It is impossible to know exactly the system parameters and this may 
result in the loss of the effectiveness of the control schemes. Structures under strong 
environmental loads cannot be represented by a linear system, consequently the control 
algorithm is expected to work under nonlinear phenomena and time-dependent degrading 
behaviour. 
(v) Discrete time control: In practice, continuous time control algorithms can only be 
executed in discrete time since a digital computer is usually used for on-line computation and 
control execution. 
(vi) Reliability: The reliability of an ACS scheme is debated because of its infrequent 
activation, maintenance, availability of power source at the time of episode, and 
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psychological barrier on the part of occupants in accepting the idea of an actively controlled 
structure. 
(vii) Cost-effectiveness and hardware requirement: They are the most practical 
consideration for the implementation of control schemes. 
 
 
2.10 Time delay on control algorithm 
 
Up to this point we have more or less taken for granted the fact that control signals, by some 
means or another, travelled trouble free from one part of control circuit to another. We have 
assumed that they arrived at their destination intact and unaltered. The instantaneous 
performance of control systems is one of the major assumptions made during the control 
design. 
Time has to be consumed in processing measured information, in performing on-line 
computation and in executing the control forces as required. In reality, time delay causes 
unsynchronization which not only can render the controller ineffective, but may also cause 
instability in the system. It is somewhat difficult to include the time delay effect in the control 
scheme and to define control force in terms of delayed state vector. The introduction of time 
delay parameter makes the system of equations as parametric differential equations and 
nonlinear. As a consequence, the stability analysis of the system becomes important. In fact, 
the time delay effect, if not properly compensated, may cause instability of the system. 
The importance of time delay compensation in structure control has been demonstrated in 
laboratory and several compensation methods have been proposed. These include 
modification of control gain by performing a phase shift of measured state variables in the 
modal domain and by methods updating the measured quantities dynamically [McGreevy et 
al. (1988), Chung et al. (1988), (1986), Abdel-Rohman (1985)]. 
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Chapter 3 
 
The experimental setup 
 
 
 
3.1 Introduction 
 
The technical details of the experimental setup as well as the basic design criteria are 
presented in this chapter. The criteria have been accounted for in the model design, so that the 
structure behaves as a linear SDOF oscillator under base excitation. Design details and 
structural drawings of each individual member of the structure are also presented.  
This Chapter is organised as follows. Detailed description of the experimental set-up is 
presented in Section 3.2. The design criteria, used in the structure design and construction, are 
analysed in Section 3.3. According to the aforementioned criteria, the design of the basic parts 
of the structure was finalized and detailed mechanical drawings are given in Section 3.4. The 
jet design and calculation of the control forces are presented in Section 3.5. The pressure 
vessel design is given in Section 3.6 through detailed mechanical drawings. Finally, the I/O 
computer interface hardware and software with the experimental setup is presented in Section 
3.7. 
 
 
3.2 Description of the experimental setup  
 
The experimental system is described in detail in the following paragraphs. A general view of 
the experimental facility including the structure, the electrodynamic shaker, the installed 
transducers, the fluid power circuit and the computer system designed for control and data 
acquisition is shown in Figure 3.1. 
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Figure 3.1: General view of the experimental setup 
 
The single degree of freedom (SDOF) system consists of a rectangular body (aluminium 
block) of mass sm  attached at the top of a vertical cantilever slender beam with rectangular 
cross-section, and length , while the lower end of the beam is attached to an electrodynamic 
shaker. The mass 
L
sm  provides the inertia, while the beam provides the stiffness and the 
damping of the structure respectively. The motion of the body in the horizontal direction is 
the main motion of the structure. 
A detail from the structure is shown in Figure 3.2. Acceleration and displacement sensors are 
attached to the block structure and the shake table, as along with pressure sensors before the 
jet exit that can provide real time data monitoring, upon which the active control strategy is 
based. Two acceleration sensors are positioned on the electrodynamic shaking table and the 
block structure. The first one measures the base excitation and the other one the acceleration 
of the block of mass sm .The electrodynamic shaker can provide either harmonic excitations 
or arbitrary short transient ones, resembling scaled earthquake recordings. 
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Figure 3.2: Structure detail 
 
The air flow through each jet positioned on the block structure is controlled by an ON  
solenoid electro-valve. The compressed air flowing through the jets generates the required 
control force . One jet is placed on each side of the lumped mass 
OFF
cF sm  located on the top of 
the cantilever beam, along with an accelerometer acquiring the acceleration response of the 
structure. Both valves are driven by an appropriate computer driven PCI card which is 
responsible for the implementation of the control algorithm. When a valve is open the 
compressed air flows through the jet, thus generating the required control force . cF
The compressed air is stored in a pressure vessel (Figure 3.3) that is supplied by the 
laboratory air compressor. The air flows through semi-rigid 7m long pipe with inside diameter 
10mm via a T- connector to both jets, the flow of each of them is controlled by a solenoid 
electro-valve.  
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Figure 3.3: Pressure vessel 
 
The operational flow chart of the experimental system is shown in Figure 3.4. The 
acceleration response of the structure mass sm  is monitored continuously. Each time it 
exceeds a preset threshold, named ‘control level’ according to the applied control algorithm, 
an appropriate jet pulse control force  is applied to the structure from a jet, by triggering 
one solenoid electro-valve. The pulse magnitude is constant due to hardware limitations, but 
its duration can vary following the time the acceleration exceeds the control value. 
cF
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Figure 3.4: Operational flow chart of the experimental system 
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3.3 Experimental setup design 
 
To design the SDOF model schematically represented in Figure 3.5 and its control devices, 
we have performed theoretical investigation of the system dynamics and actuation forces  
required to control the vibrations generated by the electrodynamic shaker. To improve system 
modelling, system identification techniques have been used to identify SDOF models of the 
structure and the shaker as well as to study the interaction effects between them as it is 
analytically reported in Chapter 4. 
cF
 
 
Figure 3.5: Schematic representation of experimental structure setup 
 
The objective was to define the mass sm  and the slender beam characteristics, so that during 
the base excitation, the structure would behave as a linear SDOF oscillator. The mass sm  and 
the beam properties must be selected in a manner that the fundamental frequency s  of the 
structure is in a range of measurements of the experimental dynamics equipment available in 
the laboratory, as well as within the limits of the maximum on-off frequency ( ) of the 
solenoid electro-valves that control the jets. The fundamental frequency 
20Hz
s  of the structure is 
estimated to be in the range 1÷5 Hz.  
The SDOF structure must also be inspected for possible buckling and plastic deformation of 
the slender beam under experimental conditions used. In the following paragraphs we present 
a set of design criteria regarding the construction of the slender beam – mass system. 
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3.3.1 Design criterion 1: range of fundamental frequency s  
 
Assuming a massless slender beam of length L that supports the mass sm , the fundamental 
frequency s  of the structure is  
 
s
s
s
k
m
   (3.1) 
 
where sk  is the stiffness coefficient of the slender beam. The stiffness coefficient sk  of a 
cantilever beam is  
 
3
3
s
EIk
L
  (3.2) 
 
where E  is the modulus of elasticity of the beam material, I  is the second moment of inertia 
and  is the length of the beam. Substituting Equation (3.2) into Equation (3.1) the 
fundamental frequency is expressed in terms of the mass and slender beam characteristics as 
L
 
2
3
3
s s
EI m
L
  (3.3) 
 
subject to the constraint 1<
s <5 Hz. 
 
3.3.2 Design criterion 2: safety against buckling 
 
The slender beam used to support the mass sm  of the structure is designed to withstand 
buckling. The critical mode of failure is buckling along the weak axis of the cross-section of 
the beam. The critical buckling load  of a vertical cantilever beam (Figure 3.6) is  crP
 
2
24cr
EIP
L
  (3.4) 
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Figure 3.6: Vertical cantilever beam subject to coaxial load 
 
In the structure, the cross-section of the slender beam is rectangular (Figure 3.7), and 
3
12zz
bhI   and 
3
12yy
hbI  are the moments of inertia with respect to  and z y axes respectively. 
Buckling can primarily occur in a plane normal to z-axis with the smallest moment of inertia 
zzI . 
b
hz
y
Izz
Iyy
 
Figure 3.7: Cross-sectional profile of the support beam 
 
To avoid failure due to buckling of the model, the beam dimensions were designed to 
withstand weight of mass sa m , that is  
 
cr sP am g  (3.5) 
 
where . From Equations (3.4) and (3.5) and 2a 
3
12zz
bhI  , it turns out that 
 
2
3
2
48 saM gLbh
E  (3.6) 
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3.3.3 Design criterion 3: safety against plastic yielding 
 
The vertical cantilever support beam must overcome the possibility of failure due to plastic 
deformation, at the support base that is fastened on the shaker. When a load  is applied to 
the tip of the cantilever beam in the x-y plane of symmetry (Figure 3.8), the maximum 
bending moment occurs at the fixed end of it. The maximum tension and compression stresses 
occur at points A and B respectively. They should not exceed the critical yield stress, that is  
P
 
 
Figure 3.8: Cantilever beam subject to load  P
 
max
max max
y
zz
M y
I n
    (3.7) 
 
where maxM PL  is the bending moment at the base of the beam, maxy  is the distance 
between the neutral axis and the outer boundary of the beam profile, y  is the yield stress,  
is the safety factor and  is the maximum inertial (D’Alembert) force due to acceleration of 
mass 
n
P
sm . 
If the structure vibrates harmonically around its fundamental frequency s   and the 
magnitude of the excitation force is , then the maximum dynamic inertial force is  oF
 
,max 2
o
dyn
FP   (3.8) 
 
where   is the damping ratio of the structure.  
The length of the beam  was obtained using the first two design criteria. Combining 
Equations (3.3) and (3.6) we come up with equation: 
L
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2
2
2
3
124
3
s
2 2
s s s
EI
am g agL LEI m
L

      (3.10) 
 
Τhe length  of the beam is a function of the constant  and the fundamental frequency L a s  
of the structure. Selection of these constants depicts the judgment of the designer. Different 
values of  and a s  in Equation (3.10) result in a different length . The different lengths L 
computed from Equation (3.10) varying  and 
L
a s  are shown in Table 3.1. 
 
Table 3.1: Length  of mass support for different values of  and L a s  
a  s (Hz) L  (m) 
1 0.6160 
2 0.1540 2 
2.5 0.0986 
1 1.5399 
2 0.3850 5 
2.5 0.2464 
1 3.0798 
2 0.7699 10 
2.5 0.4928 
 
The length of the beam was chosen from Table 3.1 to be 0.5L  m, which is reasonable for a 
small scale dynamic laboratory experiment. 
We decided to construct the slender beam from aluminium, which is a lightweight material 
with density 2700Al  kg/m3, very flexible and stress resistant. The first and third design 
criteria depicted in Equations (3.3) and (3.8) were used to size the dimensions  and  of the 
beam cross-section, and select the magnitude of mass 
b h
sm  so that the fundamental frequency 
s  of the structure is limited in the range 1 5 Hz. Although the choice of parameters is not 
unique, the values of the parameters chosen are shown in Table 3.2.  
Institutional Repository - Library & Information Centre - University of Thessaly
09/12/2017 03:27:46 EET - 137.108.70.7
The experimental setup 68 
Table 3.2: Selection of structure design parameters 
Type Symbol Values 
Length of beam L  0.5m 
Modulus of elasticity E  70109Pa 
Density    2700 kg/m3 
Width of beam b  0.05m 
Thickness of beam h  0.004m 
Mass of structure sm  1.2kg 
 
 
3.4 Detailed drawings of the structure 
 
The structural drawings for all the parts of the structure are presented in the following 
paragraphs. The structure (slender aluminium beam with the mass sm  attached to the upper 
end is bolted on a base piece made from two aluminium L-sections, the drawing of which is 
shown in Figure 3.9. 
 
 
 
Figure 3.9: Drawing of the 2-piece structure base  
 
The one-piece aluminium slender beam drawing is shown in Figure 3.10. 
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Figure 3.10: Drawing of the beam 
 
The mass sm  is mounted at the highest end of the slender beam as shown in Figures 3.2 and 
3.5. It is a rectangular aluminium block with dimensions 90mm60mm50mm (Figure 3.11), 
with two opposing jet nozzles mounted on the narrow sides of it. Two pressure sensors have 
been mounted symmetrically on top of the block for the air pressure measurement inside the 
jet nozzle, that is used to estimate the air flow.  
 
Figure 3.11: Drawing of the structure mass  
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3.5 Jet 
 
The jet nozzles are made of bronze and they are screwed on the mass block sm  pointing at 
opposite directions (Figures 3.2 and 3.5). There is a 20mm long contraction from 10mm to 
5mm in jet diameter as shown in the drawing of Figure 3.12.  
 
2010
 
Figure 3.12: Structural drawing of the structure jet 
 
As discussed in Section 3.2, compressed air from the pressure vessel supplies the jets via a 7m 
long semi-rigid pipe of inside diameter 10mm, that is split into two shorter pipes with same 
inside diameter that connect to the jets. Two solenoid electro-valves are used in line to control 
the air flow to the jets. Their orifice diameter is 4mm, fairly small if compared to the inner 
supply pipe diameter. The size and length of the supply pipes and the 4mm orifice of the 
solenoid valves cause a dramatic pressure drop between pressure vessel and jet, due to high 
energy losses. From Table 3.3 one may note that if the vessel and jet pressures are  and tP jP  
respectively, then their ratio is practically invariable, around 4:1. 
 
Table 3.3: Tank gauge pressure  and the respective jet gauge pressure  tP jP
tP (bar) 9 8.5 8 7 6 5 4 3 2 
jP (bar) 2.4 2.2 2.1 1.8 1.5 1.2 0.9 0.6 0.35 
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Figure 3.13: Control volume of the jet 
 
From the jet pressure Pj and control volume analysis in the region between the inlet to the 
nozzle and jet exit shown in Figure 3.13, one may compute the force  that the jet applies to 
the moving mass (steady-state) when the solenoid valve is open. If  is the nozzle inlet 
diameter, is the inlet air pressure, iQ  is the inlet flow rate and iV  is the inlet mean velocity, 
od  is the outlet diameter, oP  is the outlet air pressure, oQ  the outlet flow rate and oV  the 
outlet velocity, then Bernoulli's equation is written as: 
cF
di
jP  
 
2 2
2 2
j i o
i o
P V P V
g g g g   
o . (3.11) 
 
where the outlet air pressure  is 1bar and the air density at room temperature is oP
1.2o  kg/m3. The continuity equation of steady flow between the inlet and outlet of the 
circular jet assuming incompressible fluid (i.e. i o  ), is written as: 
 
2 2
4 4
i o
i o i
d dQ Q V V    o  (3.12) 
 
Substituting Equation (3.12) into (3.11) the jet flow rate is : 
 
4 4
2
1 14
j o
o i
P P
Q
d d
 



 (3.13) 
 
Then the air pulse control force  can be computed from equation: cF
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c oF V Q  (3.14) 
 
The resulting force as a function of the tank gauge pressure  and jet gauge pressure tP jP  is 
shown in Table 3.4. 
 
Table 3.4: Tank and jet gauge pressure , and  respectively, and the computed jet pulse 
control force  
tP jP
cF
tP (bar) 9 8.5 8 7 6 5 4 3 2 
jP (bar) 2.4 2.2 2.1 1.8 1.5 1.2 0.9 0.6 0.35 
cF (N) 10.05 9.21 8.79 7.54 6.28 5.02 3.77 2.51 1.46 
 
From Table 3.4 and Figures 3.14 through 3.16, the linearity between the tank pressure , jet pressure tP
jP  and control force  is evident. cF
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Figure 3.14: Tank air pressure  versus jet air pressure tP jP  values 
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Figure 3.15: Tank air pressure  versus control force  values tP cF
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Figure 3.16: Jet air pressure  versus control force  values jP cF
 
 
3.6 Pressure vessel 
 
The energy source of the Jet Pulse Controlled System (JPCS) is a pressure vessel shown in 
Figures 3.3 and 3.17 which contains pressurised air. The high tensile steel pressure vessel 
used in the present experiment can hold up to 150Lt of air at 10bars maximum pressure. 
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Figure 3.17: Drawing of the pressure vessel used 
 
 
3.7 Electronic experimental hardware and software  
 
3.7.1 Electrodynamic shaker 
 
The structure was excited by an electrodynamic shaking table shown in Figure 3.18, 
manufactured by APS Dynamics ELECTRO-SEIS. This device is a force generator and it can 
be used solely or in arrays, to excite structures mounted on it, in order to study their dynamic 
response. The shaker is capable of providing harmonic, random, shock, as well as arbitrary 
short transient time history excitation resembling scaled earthquake recordings. It has a 
maximum (peak to peak) stroke of 158mm, maximum force vector of 133N and frequency 
range between 0 and 200Hz. 
The PC generated desirable signal has to be amplified first, through an APS Dynamics 124-
EP DUAL-MODE Power Amplifier shown in Figure 3.19, before it is fed to the 
electrodynamic shaker. 
 
 
Figure 3.18: Model 113-APS Dynamics ELECTRO-SEIS shaker 
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Figure 3.19: APS 124-EP DUAL-MODE Power Amplifier 
 
3.7.2 Accelerometers 
 
The accelerometers (Figure 3.2) used for the experiments are Type 8632C10 Accelerometer 
manufactured by KISTLER PiezoBEAM. They contain a high sensitivity piezoelectric 
measuring element with built-in charge amplifier, and provide a low-impedance voltage 
output. Their sensitivity is very high despite the lightweight construction. The cube shaped 
housing allows mounting onto any structure to be measured. The built-in charge amplifier 
provides a voltage which is proportional to the acceleration. The low impedance output 
assures high immunity to noise and insensitivity to cable motion. It is capable to operate 
directly from internal power sources found in most signal analyzers like a Kistler Piezotron 
coupler. 
 
3.7.3 Displacement and velocity transducer  
 
The displacement and velocity measurements of the shaking table were implemented by a 
positioning sensor (DS Europe PCR Displacement and Velocity magnetostrictive transducer). 
In principle, a magnetic cursor is attached on the shaking table without any contact with the 
main rule of the transducer, as shown in Figure 3.2. An electrical pulse is injected into the 
waveguide of the transducer contained in the probe. This pulse generates a corresponding 
magnetic pulse, which then links onto the magnetic field of the magnets contained in the 
cursor and generates a magnetostrictive mechanical torque pulse. The mechanical pulse 
generated along the wave guide travels at the velocity of sound in metals (about 2800 m/sec) 
until it reaches the sensor positioned in the head inside the electronics. The cursor position is 
calculated by measuring the time lapse between the electrical pulse and the return mechanical 
pulse. 
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3.7.4 Solenoid electrovalves 
 
The solenoid valves (Figure 3.2) used in the experiment setup are Type 0256 2/2-way 
Solenoid Valve manufactured by Burkert. They constitute the most important element of the 
whole experimental set-up. A pair of them is used to control the compressed air flow to each 
jet attached to the model mass sm . Their function is to allow or stop the air flow into the jets, 
which means to activate or deactivate the control forces  on the structure, according to the 
selected control algorithm. The maximum frequency they can operate is . Consequently, 
they are expected to work in real time, with the minimum possible time delay. An advantage 
of the solenoid valves used is that they are battery operated because of their low power 
requirements. 
cF
20Hz
 
3.7.5 Pressure sensors 
 
The pressure sensors used are Model 3251 manufactured by Tecsis, they have a front flush 
diaphragm for gauge pressure measurement and they are intended for general application. A 
pair of them is appropriately mounted on the mass sm  of the structure in order to measure the 
gauge pressure jP  of the compressed air just before each jet, as it is shown in Figure 3.2. 
Their accuracy, reliability, resistance to corrosion and mechanical load make them suitable for 
application in the present pressure setup. The front flush diaphragm does not allow any 
crystallization or residue formation on it, thus ensuring reliable pressure measurement. 
 
3.7.6 Data acquisitioning system 
 
The data acquisition card used for all the experiments of the present thesis is a National 
Instruments PCI-6289 (M-series) which is a high-accuracy multifunction data acquisition 
(DAQ) board optimized with high resolution accuracy. Its range of applications spans from 
data acquisitioning and control processes.  
The connector board between any sensor/transducer used and the PCI card is a National 
Instruments BNC-2110 Desktop and Din Rail-Mountable BNC adapter. It includes 15 BNC 
connectors and a terminal block with 30 pins. The BNC 2110 is ideal for simplifying 
connections between measurement apparatus and DAQ devices in laboratory, test and 
production environments.  
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Labview (Laboratory Virtual Instrumentation Engineering Workbench) 8.5e software has 
been used throughout, for data acquisition, modal identification and structural control. The 
data acquisition and signal processing was done using custom-built Labview Virtual 
Instruments (VI’s). Virtual Instruments are Labview programs that imitate physical 
instruments. In Figures 3.20 and 3.21, it is shown the block diagram of the basic program for 
all the structural control experiments. 
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Figure 3.20: Left part of block diagram of the basic program for all the structural control 
experiments 
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Figure 3.21: Right part of block diagram of the basic program for all the structural control 
experiments
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Chapter 4 
 
Identification of dynamic characteristics of the laboratory 
structure 
 
 
 
4.1 Introduction 
 
The objective of this chapter is to identify the dynamic characteristics of three systems: (a) the 
electrodynamic shaker, (b) the fixed-base cantilever beam and (c) the coupled system 
consisting of the shaker and the cantilever beam. This is achieved by performing vibration 
tests and identifying the modal characteristics of each system using the input-output time 
history data. These dynamic characteristics are useful in controlling the vibrations of the 
structure using jet pulses. Based on the identified experimental modes, a simplified SDOF 
model of the cantilever model structure is also constructed. The tests are performed to 
investigate and confirm that there is no dynamic interaction between the electrodynamic 
shaker and the mounted cantilever beam structure, by identifying the separation distance 
between the two modal frequencies of the coupled system.  
This chapter is organised as follows. In Section 4.2, a review of system identification 
techniques based on frequency response functions is given. The modal identification 
methodology for estimating the modal frequencies, modal damping ratios and modeshapes 
based on frequency response functions is briefly presented in Section 4.3. The modal 
identification results for the electrodynamic shaker are summarized in Section 4.4. In Section 
4.5, the modal identification results for the cantilever structure are presented. Finally, the 
modal identification results for the coupled system shaker-cantilever structure are given in 
Section 4.6. 
 
 
4.2 System identification based on frequency response functions  
 
An important and challenging task in control synthesis and analysis is the development of an 
accurate mathematical model of the experimental system under consideration, including both 
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the structure and the associated control devices. There are several methods by which to 
accomplish this task. One approach is to analytically derive the system input/output 
characteristics by physically modelling the system. Often this technique results in complex 
models that do not correlate well with the observed response of the physical system. 
An alternative approach to develop the necessary dynamical model of the experimental 
system is to measure the input/output relationships and construct a mathematical model that 
can replicate this behaviour. This approach is termed system identification. Available 
experimental and analytical methods for identifying a modal model of a structure from 
vibration measurements are used [Ljung (1999), Ewins (2000), Heylen et al. (2007)]. For 
linear structures, system identification techniques fall into two categories: time domain and 
frequency domain methods. Frequency domain techniques are generally preferred when 
significant noise is present in the measurements and the system is assumed to be linear and 
time invariant. Spectral estimation describes the power distribution over frequency contained 
in a signal based on a finite set of data. In the frequency domain approach of system 
identification, the first step is to experimentally determine the FRFs for each of the system 
inputs to each of the outputs. Subsequently, the resulted experimental FRFs are modelled as a 
ratio of two polynomials in the Laplace domain and they are used to form a state space 
representation for the experimental system. In this work, mathematical models of the 
subsystems are identified using vibrations measurements. For this, system identification 
methods are applied based on the frequency response functions (FRF). 
A block diagram of a system to be identified is shown in the Figure 4.1. For the fixed-base 
cantilever beam, the input u  is the ground acceleration and the measured system output y  is 
the absolute acceleration at a point of the structure. In this case a 11  FRF matrix must be 
identified to describe the characteristics of the system. 
 
 
Figure 4.1: System identification block diagram 
 
Fast Fourier Transforms (FFT) is used for experimentally estimating the FRF. Assuming the 
two continuous signals (input,  and output  tu  ty ) are available, the FRF is determined by 
dividing the Fourier transforms of the two signals as follows:  
Institutional Repository - Library & Information Centre - University of Thessaly
09/12/2017 03:27:46 EET - 137.108.70.7
Identification of dynamic characteristics of the laboratory structure 82 
    yu
y
H j
u
 

  (4.1) 
 
where  u   and  y   are the Fourier transforms for the input and output signals 
respectively. However, experimental FRF are usually determined from discrete-time data. The 
continuous-time records of the specified system input and the resulting responses are sampled 
at  discrete time intervals with an A/D converter, yielding a finite duration, discrete-time 
representation of each signal  and 
N
nTu   nTy , where T  is the sampling period and 
 are the time intervals. For the discrete case, Equation (4.1) can be written as Nn 2,1
 
    yu
y k
H jk
u k
  

  (4.2) 
 
where Ns / , s  is the sampling frequency and 11,0  Nk   is the index set 
corresponding to frequency values. The discrete Fourier transform is obtained via standard 
digital signal processing methods available in Matlab. 
Although most of the sensors used in structural control systems are analog devices, data 
acquisition is usually performed with a digital computer. The quality of the resulting FRF is 
heavily dependent upon the specific manner in which the data are obtained and the subsequent 
processing. To be recorded on a computer, the analog signals must be discretized in time and 
in magnitude, which inevitably results in errors in the time and frequency domain 
representations. The processing of the recorded data can also introduce additional errors. If 
the sources of these errors are identified and understood, the effects of the recorded data can 
be minimized. The most important phenomena associated with data acquisition and digital 
signal processing are quantization error, aliasing and spectral leakage. The sources of each 
of these phenomena are discussed in the Appendix 4.I [Dyke (1996)]. 
 
 
4.3 Modal identification theory 
 
The estimation of the modal characteristics using measured vibration data is based on a least squares 
minimization of the measure of fit  
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    *
1
ˆ( ( ; ) ( ) ( ; ) ( )
N T
k
E tr k k k k


            ˆ   (4.3) 
 
between the frequency response function 0 1ˆ ( ) Nk C     estimated from the measured output 
acceleration and input excitation time histories and the frequency response function 0 1( ; ) Nk C     
predicted by a modal model, where  is the number of measured degrees of freedom (DOF), 0N   is 
the discretization step in the frequency domain, {1, ,k }N   is the index set corresponding to 
frequency values, k   ,  is the number of data in the indexed set and N   is the parameter set to 
be estimated. Assuming general non-classically damped modes, the FRF ( ; )k   based on the 
modal model of the structure is given by [Gauberghe (2004)]  
 
* *
* 2
1
1( ; )
( ) ( ) ( )
T Tm
r r r r
r r rj j j
     
        
  g g A B (4.4) 
 
where  is the number of contributing modes in the frequency range of interest, m
21r r r r rj         is the complex eigenvalue of the -th contributing mode, r r  is the -th 
modal frequency, 
r
r  is the -th modal damping ratio, is the complex modeshape of the r -th 
mode, 
r 0Nr C
0 1NR A , 0 1NR B  are real vectors accounting for the contribution of the out-of-bound 
modes to the selected frequency range of interest and  are the participation factors that 
depend on the characteristics of the modal model while the symbol  denotes the complex conjugate 
of a complex number u .  
0N
rg C
*u
The modal parameter set   to be identified contains the parameters r , r , r , rg , , 1, ,r m  A  
and  that completely define the FRF in Equation (4.4). The total number of parameters is 
 for non-classically damped modal models. 
B
1 202 ( 2 )m N N  0
The minimization of the objective function in Equation (4.3) can be carried out efficiently, 
significantly reducing computational cost, by recognizing that the error function in that 
equation is quadratic with respect to the complex modeshapes r  and the elements in the 
vectors A  and B . This observation is used to develop explicit expressions that relate the 
parameters r , A  and  to the vectors , the modal frequencies B rg r  and the damping ratios 
r , so that the number of parameters involved in the optimization is reduced from 
 to . This reduction is considerable for a relatively large number of 20 0N2 (1 2m N ) 02mN
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measurement points. Applying the optimality conditions in Equation (4.3) with respect to the 
components of r , A  and B , a linear system of equations results for obtaining r , A  and B  
with respect to the , rg r  and r , 1, ,r m 
rg r
. The resulting nonlinear optimization problem 
with respect to the remaining variables ,   and r , 1, ,r m  , is solved in Matlab using 
available gradient-based optimisation algorithms [Ntotsios (2009)]. 
The starting values required in the optimization are obtained from a two-step approach as 
follows. In the first step, conventional least squares complex frequency algorithms [Verboten 
(2002)] are employed, along with stabilization diagrams, to obtain estimates of the modal 
frequencies r  and modal damping ratios r  and distinguish between the physical and the 
mathematical modes. These values in most cases are very close to the optimal values. In the 
second step, given the values of  and r r , the values of the residue matrices 
 in Equation (4.4) are obtained by first recognizing that the objective 
function in Equation (4.3) is quadratic with respect to 
0N N 0T
r r r R g C
ArR ,  and B , then formulating and 
solving the resulting linear system of equations for ArR ,  and B , and finally applying 
singular value decomposition to obtain estimates of rgr  and  from rR . Usually, this two-
step approach gives results that are very close to the optimal estimates. However, for closely-
spaced and overlapping modes it is often recommended to solve the original nonlinear 
optimization problem with respect to , rg r  and r , 1, ,r m  , using the estimates of the 
two-step approach as starting values. 
 
 
4.4 Modal identification results for the electrodynamic shaker 
 
Modal identification results for the electrodynamic shaker were first obtained using the 
system identification methodology. The modal identification results are based on sine sweeps 
and broadband excitation tests. The excitation is the command driving voltage at the shake 
table. It is assumed first to be a sine sweep excitation in a wide frequency range from 0.4 to 
30 Hz . Then a zero-mean Gaussian white noise excitation is also used with constant intensity 
and two different time durations. The sine sweep and the Gaussian white noise excitation 
scenarios were repeated two times. The white noise excitations applied for duration of 300 
and 600 seconds.  
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For each excitation scenario, the time history of the inflicted sine sweep or white noise 
voltage and the measured acceleration response at the table were used to estimate the cross 
power spectral densities and then to estimate the FRF of the shaker. These responses were 
processed using available Matlab m-files such as pwelch, cpsd, tfestimate. Representative 
FRF that were estimated from the aforementioned procedure for the case of sine sweep and 
the case of white noise excitations are shown in Figures 4.2 and 4.3, respectively. 
The specialized modal identification software developed in the System Dynamics Laboratory 
(SDLab) of the University of Thessaly (UTH) was then used to process the FRF in order to 
estimate the values of the first natural frequency es  and the modal damping ratio es  from 
the experimentally obtained FRF. The resulting values of the modal frequencies and modal 
damping ratios are summarized in Table 4.1 for all the excitation scenarios considered.  
Modelling the shaker as a linear SDOF mechanical system, it is possible to calculate the 
stiffness  and damping  through the known relationships  esk esc
 
2es
es es es es
es
k k
m
                m  (4.5) 
 
2
2
es
es es es es es
es es
c c k
k m
                m  (4.6) 
 
Herein, the mass of the mechanical system is the shaker armature mass and the mass of the 
horizontal table. Using the shaker characteristics, this mass is known to be equal to 
5.4kg. The resulting stiffness values  and damping values  are also reported in 
Table 4.1 for all excitation scenarios considered. 
esm  esk esc
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Figure 4.2: FRF of the electrodynamic shaker using sine sweep excitation 
 
 
 
Figure 4.3: FRF of the electrodynamic shaker using white noise excitation 
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Table 4.1: Modal and SDOF model characteristics of the electrodynamic shaker using sine 
sweep and white noise excitation tests 
Test 
es  
(Hz) 
mean 
value 
es   
(%) 
mean 
value 
esk  
(N/m) 
mean 
value 
esc  
(Ns/m) 
mean 
value 
Sine sweep I 0.84 10.67 150.42 6.08 
Sine sweep II 0.86 
0.85 
10.80 
10.73 
157.67 
154.04 
6.30 
6.19 
WN I 0.90 13.98 172.80 8.54 
WN II 0.89 
0.89 
7.33 
10.65 
169.50 
171.1 
4.43 
6.48 
 
 
4.5 Modal identification results for the fixed-base cantilever structure 
 
Modal identification results for the fixed-end cantilever beam structure are next presented. For 
this, the structure is removed from the shaker and is placed at a fixed base so that the modal 
characteristics for the fixed base structure are obtained. Tests are performed using two 
different excitation methods.  
In the first method, the modal identification results are based on input-output measurements 
produced from impulse hammer tests. A description of the test procedure using impulse 
hammers is given in Appendix 4.II. For the impulse hammer tests, the impact tip 9910 was 
chosen according to the required frequency range which is shown in Figure 4.4. The impulse 
hammer tests were repeated three times with the same impact tip. For each test, the time 
history of the excitation force and the acceleration response of the structure were measured 
and used to obtain the FRF from Equation (4.2). 
 
 
Figure 4.4: Typical impulse power spectra for different impact tips 
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Representative results for the impulse hammer force, the acceleration response recorded on 
the structure and the FRF are given in Figures 4.5, 4.6 and 4.7, respectively. The values of the 
modal frequencies s  and modal damping ratios s  identified from the three independent 
impulse hammer tests using the experimentally estimated FRFs are summarized in Table 4.2.  
The second method uses the jet pulses as ambient excitation sources and the acceleration 
response of the structure is recorded and used to identify the modal characteristics. The 
excitation was provided by arbitrarily opening and closing the solenoid electrovalves with 
mean frequency approximately equal to 15Hz. The air pressure was kept approximately at 
1bar. The time duration of the excitation was 600 seconds. In the first test only one jet was 
active, while in the second test both jets were active. For the jet pulse excitations, only the 
output acceleration time histories on the structure were measured. Representative results for 
the jet pressure data history as well as the acceleration response recorded on the structure are 
shown in Figures 4.8 and 4.9, respectively. The acceleration responses were processed using 
available Matlab m-files such as pwelch, cpsd, tfestimate. Using the power spectral density of 
the acceleration, operational modal identification software available in the SDLab of UTH 
[Ntotsios (2009)] is then used to identify the modal frequencies and damping ratios of the 
structure.  
Representative results for the power spectral densities of the acceleration response recorded 
on the structure and the corresponding fit between measured and modal model predicted 
power spectral densities are given in Figures 4.10 and 4.11, respectively. The values of the 
modal frequencies s  and modal damping ratios s  identified from the two independent jet 
pulse excitation tests using the experimentally estimated power spectral densities are also 
summarized in Table 4.2.  
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Figure 4.5: Impulse hammer excitation time history 
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Figure 4.6: Structure response time history 
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Figure 4.7: FRF of the structure using impulse hammer excitation 
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Figure 4.8: Pressure sensor time history 
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Figure 4.9: Structure response time history 
 
 
 
Figure 4.10: Power spectral density response 
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Figure 4.11: Fit between measured and modal model predicted power spectral densities of 
response 
 
Modelling the cantilever beam structure as a linear SDOF mechanical system, it is possible to 
calculate the stiffness sk  and damping sc  through the known relationships  
2s
s s s
s
k k
m
                sm  (4.7) 
 
and 
 
2
2
s
s s s s
s s
c c k
k m
                sm  (4.8) 
 
Herein, the mass of the mechanical system is considered to be the mass attached to the top of 
the beam. This mass was measured to be equal to sm  1.2kg. The results for the stiffness 
values sk  and damping values sc  are also reported in Table 4.2 for all excitation scenarios 
considered. 
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Table 4.2: Modal and structural characteristics of the fixed-base cantilever beam structure 
Test 
s  
(Hz) 
mean 
value 
s   
(%) 
mean 
value 
sk  
(N/m) 
mean 
value 
sc  
(Ns/m) 
mean 
value 
Impulse I 2.40 3.97 281.08 0.14 
Impulse II 2.40 4.26 281.08 0.15 
Impulse III 2.39 
2.39 
4.58 
4.27 
279.44 
280.53 
0.17 
0.15 
Jet pulse I 2.26 6.89 248.93 0.24 
Jet pulse II 2.25 
2.25 
5.78 
6.33 
247.30 
248.11 
0.20 
0.22 
 
 
4.6 Modal identification results for the coupled shaker–cantilever beam system 
 
Modal identification results for the coupled shaker-cantilever beam system were finally 
obtained using the system identification methodology. The modal identification results are 
based on impulse hammer tests. The same test procedure as before is followed. The impact tip 
is again chosen to be the 9910 shown in Figure 4.4. The impulse hammer tests were again 
repeated three times with the same impact tip for each test. The time history of the excitation 
force and the shaker as well as the structure acceleration response were measured and used to 
obtain the FRF from Equation (4.2). 
For each excitation scenario, the time history of the impulse hammer force, the acceleration 
responses recorded and the FRFs are given in Figures 4.12 through 4.16 respectively. The 
values of the structure modal frequencies tot  and respective modal damping ratios tot  
identified from the three independent impulse hammer tests using the experimentally 
estimated FRFs are summarized in Table 4.3. From the FRFs in Figures 4.15 and 4.16 it can 
be observed that the best modal frequency of the coupled system is approximately at 0.3 Hz 
dominated by the motion of the shaker. This shaker mode is uncoupled by the lowest structure 
mode reported in Table 4.3 to be equal to 2.27 Hz. Thus there is no dynamic interaction 
between the shaker and the cantilever beam structure. 
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Figure 4.12: Impulse hammer excitation time history 
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Figure 4.13: Structure response time history 
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Figure 4.14: Shaker response time history 
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Figure 4.15: FRF of the structure using impulse hammer excitation 
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Figure 4.16: FRF of the electrodynamic shaker using impulse hammer excitation 
 
 
Table 4.3: Modal characteristics of the whole experimental system using impulse hammer 
tests 
Test tot  (Hz) mean 
value 
tot  (%) mean 
value 
Impulse I 2.28 6.72 
Impulse II 2.26 7.33 
Impulse II 2.27 
2.27 
6.43 
6.82 
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Appendix   4.I 
 
This Appendix summarises issues associated with data acquisition and digital signal 
processing, including quantization error, aliasing and spectral leakage.  
 
4.I.1 Quantization error 
 
The device that allows the digital computer to sample the analog signal provided by a sensor 
is the Analog-to-Digital (A/D) converter. An A/D converter can be viewed as being composed 
of a sampler and a quantizer. The sampler discretizes the signal in time, and the quantizer 
discretizes the signal in magnitude. In sampling a continuous signal, the quantizer must 
truncate, or round, the magnitude of the continuous signal to a digital representation in terms 
of a finite number of bits. Typically, data acquisition boards have A/D converters with 8, 12, 
16 or 18 bits, corresponding to dynamic ranges of 48, 72, 96 and 108 dB, respectively. A 
simple example demonstrating the effect of quantization on a sinusoidal signal is shown in 
Figure 4.I.1. Here, the dotted line is the actual signal being measured and the solid line 
represents a quantized version of the signal. Each value of the signal is rounded to one of ten 
discrete levels, resulting in significant errors in the quantized signal. 
 
 
Figure 4.I.1: The effect of quantization 
 
The difference between the actual value of the signal and the quantized value is considered to 
be a noise which adds uncertainty in the measurement. To minimize the effect of this noise, 
the truncated portion of the signal should be small relative to the actual signal. Thus, the 
maximum value of the signal should be as close as possible to, but not exceed, the full scale 
voltage of the A/D converter. If the maximum amplitude of the signal is known, an analog 
input amplifier can be incorporated before the A/D converter to accomplish this and thus 
reduce the effect of quantization. Once the signal is processed by the A/D system, it can be 
divided numerically in the data analysis program by the same ratio that it was amplified by at 
the input to the A/D converter to restore the original scale of the signal. 
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4.I.2 Aliasing 
 
The second component of the A/D converter is the sampler, which discretizes the analog 
signal in time. Often the frequency domain representation of the signal is determined with an 
FFT and errors can be introduced in the frequency domain if appropriate filtering of the signal 
is not performed before the signal is sampled. 
According to Nyquist sampling theory, the sampling rate must be at least twice the largest 
significant frequency component present in the sampled signal to obtain an accurate 
frequency domain representation of the signal. If this condition is not satisfied, the frequency 
components above the Nyquist frequency   Tfc 2/1 , where T  is the sampling period, are 
aliased to lower frequencies. Once the signal has been sampled, it is no longer possible to 
identify which portion of the signal is due to the higher frequencies. 
The phenomenon of aliasing is demonstrated in Figure 4.I.2 where two sinusoid signals are 
shown with frequencies of 1Hz and 9Hz. If both of these signals are sampled at 10Hz, the 
signals have the same values at the sampling instants. Although the two signals do not have 
the same frequency, the frequency domain representations of the sampled signals are 
identical, as shown in Figure 4.I.2. To ensure that aliasing does not occur, the sampling 
frequency is chosen to be greater than twice the highest frequency in the measured signal. 
 
 
Figure 4.I.2: The effect of aliasing 
 
In reality, no signal is ideally bandlimited, and a certain amount of aliasing will occur in the 
sampling of any physical signal. To reduce the effect of this phenomenon, analog low-pass 
filters can be introduced prior to sampling to attenuate the high frequency components of the 
signal that would be aliased to lower frequencies. Since a TF of a system is the ratio of the 
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frequency domain representations of an output signal to the corresponding input signal of the 
system, it is important that anti-aliasing filters with identical phase and amplitude 
characteristics should be used for filtering both signals. Such phase/amplitude matched filters 
prevent incorrect information due to the filtering process from being present in the resulting 
TF. 
 
4.I.3 Spectral leakage 
 
Errors may also be introduced in the frequency domain representation of a signal due to the 
processing of the data. In processing the discrete-time history to determine the frequency 
domain representation of the signal, a finite number of samples are acquired and an FFT is 
performed. This process introduces a phenomenon associated with Fourier analysis known as 
spectral leakage. Spectral leakage is an effect in the frequency analysis of signals where small 
amounts of signal energy are observed in frequency components that do not exist in the 
original waveform. The term leakage refers to the fact that it appears as if some energy has 
"leaked" out of the original signal spectrum into other frequencies. 
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Appendix   4.II 
 
4.II.1 Hammer Test Method 
 
The dynamic response of a structure while either in a development phase or in actual use 
environment, can readily be determined by impulse hammer force testing. Using an FFT 
analyzer, the FRF of the structure can be determined from a force pulse generated by the 
impact of an impulse force hammer and the response signal measured with an accelerometer. 
The impulse hammer test method yields extensive information about the frequency and 
attenuation behavior of the structure under test. Dynamic load cell, or force transducer 
contained within the hammer is used to detect the magnitude of the force applied on the 
structure. 
Next, the data acquisition system for the impulse hammer force testing is described. An 
impulse force hammer is accompanied by a set of different impact tips and heads which serve 
to extend the frequency and force level ranges for testing a variety of different structure. The 
useful range may also be extended by using different sizes of impulse force hammer. 
Basically, the magnitude of the impact force is determined by the mass of the hammer head 
and the velocity with which it is moving when it hits the structure. The operator will control 
the velocity rather than the force level itself, and so an appropriate way of adjusting the order 
of the force level is by varying the mass of the hammer head. 
The impulse hammer force test is a straight forward method and yields good results under 
most conditions. This testing technique makes use of the fact that when a structure is excited 
by means of a Dirac pulse, the structure responds with a large number of modes. In practice, a 
true Dirac pulse does not exist since its theoretical duration is zero. Impact tips mounted to an 
impulse force hammer consist of different materials, each yielding different excitation 
duration and different excitation frequency range. The stiffer the impact tip material, the 
shorter will be the duration of the pulse and the higher will be the frequency range covered by 
the impact. Similarly, the lighter the head mass, the higher the effective frequency range. 
Depending upon the frequencies of interest of the structure under test, the appropriate impact 
tip is mounted to the hammer [Ewins (2000)]. 
A typical experimental setup is shown in Figure 4.II.1. It consists of the structure under test 
with the test sensor (e.g. accelerometer), a signal conditioner (e.g. charge amplifier) which 
converts the test sensor's signal to an analog voltage signal, an impulse force hammer with 
signal conditioner and a two channel dynamic signal analyzer. The excitation signal of the 
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hammer and the response signal of the structure under test are acquired in the time domain by 
the two channel analyzer. This analyzer decomposes a time signal, consisting of multiple 
frequencies, into its individual frequencies [Bernhard (1998]. 
 
Hammer
Impact Tip
Structure
+
Accelerometer
minfinity
Amplifier
Amplifier
Analyzer
 
Figure 4.II.1: Experimental setup of hammer test 
 
As long as a structure under test is linear and time independent, the ambient and boundary conditions 
are the same and the place of excitation (i.e. the spot, where the tip of the impulse force hammer 
contacts the structure) is identical, the hammer test method yields repeatable results each time the test 
is conducted. If over time subsequent frequency analysis yields significantly different results, the 
structure has likely experienced structural changes like cracks or other damage.  
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Chapter 5 
 
Control of structure under single- and multi-tone 
harmonic excitations 
 
 
 
5.1 Introduction 
 
The feasibility of using air jet pulses to actively control the vibrations of the cantilever 
structure subjected to a series of either single-tone or multi-tone harmonic base excitations is 
explored in this chapter. The structure is first subjected to single-tone harmonic base 
excitations with given amplitudes and frequencies values selected in the vicinity of the 
fundamental frequency of the structure. Additionally, the structure is also subjected to multi-
tone harmonic base excitation scenarios, containing two or more harmonics with various 
combination of amplitude and frequency values of the harmonics involved. The estimation of 
the effectiveness of the jet pulse control system (JPCS) is based on comparing the maximum 
(MAX) absolute value, the root mean square (RMS) value and the histograms of the 
acceleration response time histories between the uncontrolled and controlled cases. Parametric 
studies are presented to get insight into the effect of the air pressure and the control level on 
the effectiveness of the control system for suppressing vibrations.  
This chapter is organised as follows. In Section 5.2, experimental data are used to 
demonstrate the time delay of the present controller. This time delay affects the effectiveness 
of the controller. A parametric study with results showing the effectiveness of the controller 
for the single-tone harmonic excitations are presented in Section 5.3. A parametric study with 
results showing the effectiveness of the controller for the multi-tone harmonic excitations are 
presented in Section 5.4. The effect of jet air pressure and the control level on the 
effectiveness of the controller is investigated. 
 
 
 
 
Institutional Repository - Library & Information Centre - University of Thessaly
09/12/2017 03:27:46 EET - 137.108.70.7
Control of structure under single- and multi-tone harmonic excitations 103 
5.2 Time delay of the controller 
 
The effectiveness of the controller depends on the time delay between the time instant the 
command is given by the software to open the valves and the time for which the response of 
the hydraulic system reaches the desirable pressure level. This time delay can be estimated by 
monitoring the jet pressure as a function of time. 
In order to get insight into this time delay problem, a specific case is next considered. Figures 
5.1 and 5.2 show the time histories of the measured acceleration of the mass sm  of the 
structure under the action of the controller. When the monitored acceleration response 
exceeds a pre-set control level of setx 0.1g, the jet pulse control force is applied to the 
structure by triggering one of the two solenoid electro-valves. The time instants at which the 
left jet is activated to suppress the positive vibrations are shown in Figure 5.1 with a black 
solid line. The action of the jet force opposite to the direction of motion causes a reduction in 
vibration intensity. The amplitude of the force depends on the maximum pressure that can be 
reached at the left jet. This maximum pressure that can be achieved at the air jet depends on 
the pressure of the tank and the pressure losses. The jet action is removed when the vibrations 
become smaller than 0.1 g. These time instants are also indicated in Figure 5.1 with blue 
circles. Figure 5.2 shows the time instances at which the right air jet is triggered (activated or 
de-activated) when the vibrations exceed the control level setx  -0.1 g.  
The time evolution of the pressures at the two jets as measured by the pressure sensors are 
shown in Figures 5.3 and 5.4. Specifically, Figure 5.3 shows the evolution of the left jet 
pressure from 1.5 to 2.5 seconds that covers two activation events of the air jet, while Figure 
5.4 shows the evolution of the right jet pressure from approximately 1.35 to 2.35 seconds. It is 
seen that during activation of the air jets, the pressure gradually builds up until it reaches the 
final pressure value expected to be equal to 1.4jP   bar for the particular case considered. 
After the jet pulse is de-activated there is also a gradual reduction of the pressure.  
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Figure 5.1: Time instants at which the left jet is activated (black) or de-activated (blue) on an 
ideal controller 
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Figure 5.2: Time instants at which the right jet is activated (black) or de-activated (blue) on an 
ideal controller 
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Figure 5.3: Pressure of the left jet as a function of time 
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Figure 5.4: Pressure of the right jet as a function of time 
 
From the results in Figures 5.3 and 5.4, it can be seen that the time delay of the present 
controller is about 0.05 seconds. Taking into account the time delay from all the hardware and 
software components of the experimental system, this time delay is considered to be a fairly 
good value. Both the non-zero time delay and the form of the gradual build up or reduction of 
pressure during activation or de-activation have to be kept in mind when evaluating the 
effectiveness of the controller. It is expected that smaller time delays and higher respond 
times will improve the effectiveness of the controller.   
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5.3 Control of the structure subjected to harmonic single-tone base excitations 
 
A parametric study is carried out for which the structure is subjected to a series of single-tone 
harmonic base excitations of the form 
 
   0 sinU t U t   (5.1) 
 
where  is the amplitude and   is the excitation frequency. The values of the amplitude  
and excitation frequency   are varied in the parametric study. The excitations are applied to 
the structure through the shaking table. The time duration of every excitation scenario is 30s.  
0U 0U
The measured quantities are the acceleration at the base (shaking table) of the structure, the 
acceleration at the top of the structure, as well as the air pressures  at the two jets. The 
acceleration response of the structure is recorded using the acceleration sensor attached on the 
highest point of the structure. The sampling frequency is 100Hz. The control algorithm 
continuously monitors the acceleration response values of the structure. If these values exceed 
the threshold control level value 
jP
setx , then the appropriate solenoid electro-valve is activated. 
It should be mentioned that a parameter that affects the controller effectiveness is the 
‘hysteresis’ which specifies the amount above and below the control level value setx  for 
which acceleration response must pass before a trigger level crossing is detected. A trigger 
hysteresis value is used to prevent noise from causing a false trigger. For a rising edge 
acceleration response, the monitored signal must pass below control level - hysteresis before a 
trigger level crossing is detected. For a falling edge acceleration response, the monitored 
signal must pass above control level + hysteresis before a trigger level crossing is detected. 
The control forces acting on the structure are induced by jets of compressed air. The different 
magnitudes of the control forces  are shown on Table 5.1 for different values of the tank 
pressure . To study the effect of the control force magnitude , experimental results are 
obtained for different tank air pressures  corresponding to different jet air pressures , as 
presented in Table 5.1. The tank air pressure levels , needed to apply the control forces , 
remain the same as the ones reported in Table 5.1, independent of the excitation case 
considered. The minimum and maximum jet air pressure levels 
cF
tP cF
tP jP
tP cF
jP  are limited by the available 
laboratory equipment, ranging from 0.35 bar to 2.4 bar. 
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Table 5.1: Tank gauge pressure , jet gauge pressure tP jP  and the respective jet pulse control 
force  cF
tP (bar) 9 8.5 8 7 6 5 4 3 2 
jP (bar) 2.4 2.2 2.1 1.8 1.5 1.2 0.9 0.6 0.35 
cF (N) 10.05 9.21 8.79 7.54 6.28 5.02 3.77 2.51 1.46 
 
In the results that follow, the evaluation of the effectiveness of the present control system is 
based on comparing the maximum (MAX) absolute value, the root mean square (RMS) value 
and the histograms of the acceleration response of the structure between the uncontrolled and 
controlled cases. The histograms give the statistical distribution of acceleration response values using 
a step equal to 0.1g. 
 
5.3.1 Excitation Case s1 
 
Results are first presented for single-tone harmonic base excitation denoted by Case s1. The 
excitation Case s1 corresponds to amplitude U0=0.3 and excitation frequency Ω=2Hz. The 
excitation frequency is relatively far away from the fundamental one s  2.39 Hz of the 
experimental structure, maintaining the response of the structure at low vibration levels.  
The command excitation time history shown in Figure 5.5(a) is kept the same for the 
uncontrolled and all the controlled excitation scenarios. Figure 5.5(b) shows the acceleration 
response time history measured by the acceleration sensor at the top of the structure for the 
uncontrolled case. 
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(a) (b) 
Figure 5.5: Measured acceleration time history for excitation Case s1 (a) on the shaker, (b) at 
the top of the structure for the uncontrolled case 
 
Institutional Repository - Library & Information Centre - University of Thessaly
09/12/2017 03:27:46 EET - 137.108.70.7
Control of structure under single- and multi-tone harmonic excitations 108 
According to the uncontrolled structural response time history, the acceleration peak values 
reach about ±2.2g. Thus, in order to investigate the effect of the control level on the 
effectiveness of the controller, it is decided to apply the control algorithm for five different 
control levels equal to ±0.1g, ±0.5g, ±1.0g, ±1.5g and ±2.0g. For all control levels the 
hysteresis value is selected to be 0.005g. The five different control level combinations are 
reported in Table 5.2. For each control level, a parametric study is performed to study the 
effectiveness of the jet pulse control for nine different jet pulse forces  shown on Table 5.1, 
resulting in 45 different control scenarios. 
cF
 
Table 5.2: Control combinations for the excitation Case s1 
Case 
Control 
Level 
(g) 
Hysteresis 
(g) 
1 ±0.1 0.005 
2 ±0.5 0.005 
3 ±1.0 0.005 
4 ±1.5 0.005 
5 ±2.0 0.005 
 
Results for the RMS and MAX values of the acceleration response at the top of the structure 
as a function of the jet air pressure values  are presented in Figures 5.6 and 5.7, 
respectively, for different control level values 
jP
setx  and for constant hysteresis value equal to 
0.005g.  
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Figure 5.6: RMS values of acceleration response versus jet air pressure values  for different 
control level values 
jP
setx ; excitation Case s1 
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Figure 5.7: MAX values of acceleration response versus jet air pressure values  for 
different control level values 
jP
setx ; excitation Case s1 
 
Based on the results in Figures 5.6 and 5.7, it becomes clear that the effectiveness of the jet 
pulse control depends on the control level and the jet air pressure values. For sufficiently low 
control level values setx , as the value of the jet air pressure increases, the RMS and MAX 
acceleration response of the structure reduces. Specifically, for low and medium control level 
values setx  equal to ±0.1g, ±0.5g and ±1.0g, a linear relation is observed between the RMS 
acceleration response and the jet air pressure values jP  and consequently the control force 
values . The optimal control level value cF setx  depends on the jet air pressure value jP  used. 
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For high control level values setx  in relation to the intensity of the vibrations and for high 
enough jet air pressures jP , the control system becomes less effective.  
The variation of MAX of the acceleration response with respect to jet air pressure jP  does not 
follow the same trend as the variation of the RMS of the response. This is due to isolated 
larger peaks that may appear in the response time histories. These isolated peaks do not 
significantly affect the RMS values. For high enough jet air pressures , the MAX 
acceleration response is increased and the effectiveness of the controller to reduce the MAX 
of the response is deteriorated, independent of the values of the control level 
jP
setx . This is due 
partly to the fact that the force magnitude cannot be controlled by the hardware of the 
implemented control system and partly to the time delay in applying or removing the 
command jet pulse force on the structure. These limitations of the hardware are responsible 
for the ineffectiveness of the jet pulse control. 
 
Table 5.3: The lowest RMS acceleration response values and their percentage reduction with 
respect to the uncontrolled scenario for excitation Case s1 
Case 
Control 
Level 
(g) 
Hysteresis 
(g) 
tP  (bar) jP  (bar) cF  (N) RMS 
RMS 
Reduction 
(%) 
1 ±0.1 0.005 9 2.4 10.05 1.04 32 
2 ±0.5 0.005 9 2.4 10.05 1.01 34 
3 ±1.0 0.005 8.5 2.2 9.21 1.01 34 
4 ±1.5 0.005 9 2.4 10.05 1.20 22 
5 ±2.0 0.005 8.5 2.2 9.21 1.35 12 
 
Table 5.4: The lowest MAX acceleration response values and their percentage reduction with 
respect to the uncontrolled scenario for excitation Case s1 
Case 
Control 
Level 
(g) 
Hysteresis 
(g) 
tP  (bar) jP  (bar) cF  (N) MAX 
MAX 
Reduction 
(%) 
1 ±0.1 0.005 9 2.4 10.05 1.97 14 
2 ±0.5 0.005 8.5 2.2 9.21 1.71 25 
3 ±1.0 0.005 8 2.1 8.79 1.70 25 
4 ±1.5 0.005 4 0.9 3.77 1.87 18 
5 ±2.0 0.005 2 0.35 1.46 2.07 9 
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To further demonstrate the effectiveness of the jet pulse control, the best controlled scenarios 
corresponding to the lowest RMS and MAX values of acceleration response is shown on 
Tables 5.3 and 5.4, respectively, for each control level value setx  that is reported in Table 5.1. 
From these tables it is observed that the optimal control level values setx  are the intermediate 
values of ±0.5g and ±1.0g. Overall it can be stated that a 12% to 34% reduction in the RMS 
and a 9% to 25% reduction in the MAX of the vibration levels can be achieved by the 
proposed JPCS, depending on the control level setx  and the jet air pressure jP  used. For the 
excitation Case s1, the best performance of the controller, corresponding to 34% reduction of 
RMS acceleration response value, is achieved for control levels setx ±0.5g and ±1.0g 
with jet air pressures bar and 
setx 
2.4jP  2.2jP  bar, respectively. 
Figures 5.8(a) through 5.12(a) present a comparison of the uncontrolled and controlled 
acceleration response time histories for the best controlled scenarios of each control level case 
reported in Table 5.2. Figures 5.8(b) through 5.12(b) present a similar comparison for the 
respective histograms using a step equal to 0.1g.  
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(a) (b) 
Figure 5.8: Comparison between uncontrolled and controlled vibration response of structure 
for control case 1 shown in Table 5.3, (a) time histories, (b) histograms; excitation Case s1 
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uncontrolled structure response, RMS=1.53
controlled structure response, Pt=9bar, Pj=2.4bar, RMS=1.01
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(a) (b) 
Figure 5.9: Comparison between uncontrolled and controlled vibration response of structure 
for control case 2 shown in Table 5.3, (a) time histories, (b) histograms; excitation Case s1 
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(a) (b) 
Figure 5.10: Comparison between uncontrolled and controlled vibration response of structure 
for control case 3 shown in Table 5.3, (a) time histories, (b) histograms; excitation Case s1 
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(a) (b) 
Figure 5.11: Comparison between uncontrolled and controlled vibration response of structure 
for control case 4 shown in Table 5.3, (a) time histories, (b) histograms; excitation Case s1 
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-3 -2 -1 0 1 2 3
0
50
100
150
200
250
300
acceleration (g)
N
Histogram of structure response
 
 
uncontrolled structure response, RMS=1.53
controlled structure response, Pt=8.5bar, Pj=2.2bar, RMS=1.35
 
(a) (b) 
Figure 5.12: Comparison between uncontrolled and controlled vibration response of structure 
for control case 5 shown in Table 5.3, (a) time histories, (b) histograms; excitation Case s1 
 
5.3.2 Excitation Cases s2, s3 and s4 
 
Results are next presented for the following three single tone harmonic excitation Cases 
denoted by s2, s3 and s4. For the excitation Case s2, the amplitude of the harmonic base 
excitation is reduced to 0.2 and the excitation frequency 0U   2Hz is kept the same as the 
excitation Case s1. For the excitation Case s3 the amplitude of the excitation is further 
reduced to 0.1 and the excitation frequency 0U   2Hz is also kept the same as the 
excitation Case s1. In the final excitation Case s4, the amplitude of the excitation is selected 
to be 0.1, while the excitation frequency is selected to be 0U   2.4Hz, which is very close 
to the resonant frequency s  2.39Hz of the structure. 
By decreasing the amplitude of the input base excitation in the Cases s2 and s3, lower 
vibration levels are generated with respect to the magnitude of the applied control forces . 
These Cases are therefore used to study the effect of higher magnitude control forces  
applied from the control system on the effectiveness of the control algorithm. In excitation 
Case s4 the effectiveness of the jet pulse control at resonance is investigated. 
cF
cF
Next, results are summarized for the excitation Cases s2, s3 and s4. The command 
acceleration time histories are shown in Figures 5.13(a) through 5.15(a), respectively. Figures 
5.13(b) through 5.15(b) show the uncontrolled acceleration response time history measured 
by the acceleration sensor at the top of the structure for Cases s2, s3 and s4, respectively.  
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(a) (b) 
Figure 5.13: Measured acceleration time history for excitation Case s2 (a) on the shaker, (b) at 
the top of the structure for the uncontrolled case 
 
0 5 10 15 20 25 30
-0.2
-0.15
-0.1
-0.05
0
0.05
0.1
0.15
0.2
time (s)
ac
ce
le
ra
tio
n 
(g
)
Time History of ground excitation
 
 
ground excitation
0 5 10 15 20 25 30
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
time (s)
ac
ce
le
ra
tio
n 
(g
)
Time History of structure response
 
 
uncontrolled structure response, RMS=0.49
 
(a) (b) 
Figure 5.14: Measured acceleration time history for excitation Case s3 (a) on the shaker, (b) at 
the top of the structure for the uncontrolled case 
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(a) (b) 
Figure 5.15: Measured acceleration time history for excitation Case s4 (a) on the shaker, (b) at 
the top of the structure for the uncontrolled case 
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According to the uncontrolled structural response time histories, the acceleration peak values 
reach about ±1.4g, ±0.7g and ±1.2g for the excitation Cases s2, s3 and s4 respectively. Thus it 
is decided to apply the control algorithm for five different control levels equal to ±0.1g, 
±0.3g, ±0.5g, ±0.8g and ±1.0g for the excitation Cases s2 and s4 as well as for three different 
control levels equal to ±0.1g, ±0.3g and ±0.5g for the excitation Case s3. For all control levels 
the hysteresis value is selected to be 0.005g. The five different control level combinations for 
the excitation Cases s2 and s4 are reported in Table 5.5, while for the excitation Case s3 the 
three different control level combinations are reported in Table 5.6. For each control level, a 
parametric study is performed to study the effectiveness of the jet pulse control for nine 
different jet pulse forces  shown on Table 5.1, resulting in 45 and 27 different control 
scenarios, respectively. 
cF
 
Table 5.5: Control combinations for the excitation Cases s2 and s4 
Case 
Control 
Level 
(g) 
Hysteresis 
(g) 
1 ±0.1 0.005 
2 ±0.3 0.005 
3 ±0.5 0.005 
4 ±0.8 0.005 
5 ±1.0 0.005 
 
Table 5.6: Control combinations for the excitation Case s3 
Case 
Control 
Level 
(g) 
Hysteresis 
(g) 
1 ±0.1 0.005 
2 ±0.3 0.005 
3 ±0.5 0.005 
 
Results for the RMS and MAX values of the acceleration response at the top of the structure 
as a function of the jet air pressure values  are presented in Figures 5.16 through 5.21, for jP
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all the excitation Cases s2, s3 and s4 and for different control level values setx . The hysteresis 
value is kept equal to 0.005g. 
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Figure 5.16: RMS values of acceleration response versus jet air pressure values  for 
different control level values 
jP
setx ; excitation Case s2 
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Figure 5.17: MAX values of acceleration response versus jet air pressure values jP  for 
different control level values setx ; excitation Case s2 
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Figure 5.18: RMS values of acceleration response versus jet air pressure values  for 
different control level values 
jP
setx ; excitation Case s3 
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Figure 5.19: MAX values of acceleration response versus jet air pressure values jP  for 
different control level values setx ; excitation Case s3 
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Figure 5.20: RMS values of acceleration response versus jet air pressure values jP  for 
different control level values setx ; excitation Case s4 
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Figure 5.21: MAX values of acceleration response versus jet air pressure values jP  for 
different control level values setx ; excitation Case s4 
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Based on the results in Figures 5.16 and 5.17, it is verified that the effectiveness of the jet 
pulse control depends on the control level and the jet air pressure values. Results follow a 
pattern which is similar to that observed for the excitation Case s1. There is a ceiling jet air 
pressure value jP  and consequently a control force value , that if it is exceeded then the 
controller effectiveness deteriorates resulting in higher RMS acceleration response values 
than the respective uncontrolled one. 
cF
In Figure 5.20, it is observed that the lower the control level value setx  is, the lower the RMS 
acceleration response value and the higher the effectiveness of the controller is, but not for 
any value of the jet air pressure jP  or equivalently, for any control force value . For the 
given control level values 
cF
setx , a linear relation is observed between the RMS acceleration 
response value and the jet air pressure values  and consequently the control force values 
. There is a ceiling jet air pressure value  and consequently a control force value , that 
if it is exceeded then this linearity tends to be violated and the controller effectiveness 
deteriorates which means the RMS acceleration response value approaches the uncontrolled 
one. 
jP
cF jP cF
The best controlled scenarios corresponding to the lowest RMS and MAX values of 
acceleration response is shown on Tables 5.7 through 5.12, for each control level that is 
reported in Tables 5.5 and 5.6 for the excitation Cases s2, s3 and s4. 
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Table 5.7: The lowest RMS acceleration response values and their percentage reduction with 
respect to the uncontrolled scenario for excitation Case s2 
Case 
Control 
Level 
(g) 
Hysteresis 
(g) 
tP  (bar) jP  (bar) cF  (N) RMS 
RMS 
Reduction 
(%) 
1 ±0.1 0.005 8 2.1 8.79 0.56 45 
2 ±0.5 0.005 8.5 2.2 9.21 0.51 49 
3 ±1.0 0.005 8 2.1 8.79 0.58 43 
4 ±1.5 0.005 8 2.1 8.79 0.70 31 
5 ±2.0 0.005 7 1.8 7.54 0.77 24 
 
 
Table 5.8: The lowest MAX acceleration response values and their percentage reduction with 
respect to the uncontrolled scenario for excitation Case s2 
Case 
Control 
Level 
(g) 
Hysteresis 
(g) 
tP  (bar) jP  (bar) cF  (N) MAX 
MAX 
Reduction 
(%) 
1 ±0.1 0.005 8 2.1 8.79 0.98 33 
2 ±0.5 0.005 8.5 2.2 9.21 0.96 34 
3 ±1.0 0.005 6 1.5 6.28 1.15 21 
4 ±1.5 0.005 3 0.6 2.51 1.21 17 
5 ±2.0 0.005 3 0.6 2.51 1.20 18 
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Table 5.9: The lowest RMS acceleration response values and their percentage reduction with 
respect to the uncontrolled scenario for excitation Case s3 
Case 
Control 
Level 
(g) 
Hysteresis 
(g) 
tP  (bar) jP  (bar) cF  (N) RMS 
RMS 
Reduction 
(%) 
1 ±0.1 0.005 5 1.2 5.02 0.30 39 
2 ±0.5 0.005 5 1.2 5.02 0.32 35 
3 ±1.0 0.005 5 1.2 5.02 0.37 22 
 
 
Table 5.10: The lowest MAX acceleration response values and their percentage reduction 
with respect to the uncontrolled scenario for excitation Case s3 
Case 
Control 
Level 
(g) 
Hysteresis 
(g) 
tP  (bar) jP  (bar) cF  (N) MAX 
MAX 
Reduction 
(%) 
1 ±0.1 0.005 2 0.35 1.46 0.64 11 
2 ±0.5 0.005 3 0.6 2.51 0.62 14 
3 ±1.0 0.005 2 0.35 1.46 0.62 14 
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Table 5.11: The lowest RMS acceleration response values and their percentage reduction with 
respect to the uncontrolled scenario for excitation Case s4 
Case 
Control 
Level 
(g) 
Hysteresis 
(g) 
tP  (bar) jP  (bar) cF  (N) RMS 
RMS 
Reduction 
(%) 
1 ±0.1 0.005 6 1.5 6.28 0.39 51 
2 ±0.5 0.005 7 1.8 7.54 0.46 42 
3 ±1.0 0.005 8 2.1 8.79 0.56 30 
4 ±1.5 0.005 7 1.8 7.54 0.74 7 
5 ±2.0 0.005 7 1.8 7.54 0.86 -6 
 
 
Table 5.12: The lowest MAX acceleration response values and their percentage reduction 
with respect to the uncontrolled scenario for excitation Case s4 
Case 
Control 
Level 
(g) 
Hysteresis 
(g) 
tP  (bar) jP  (bar) cF  (N) MAX 
MAX 
Reduction 
(%) 
1 ±0.1 0.005 5 1.2 5.02 0.87 27 
2 ±0.5 0.005 5 1.2 5.02 0.98 18 
3 ±1.0 0.005 5 1.2 5.02 1.03 13 
4 ±1.5 0.005 2 0.35 1.46 1.24 -4 
5 ±2.0 0.005 2 0.35 1.46 1.25 -5 
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Depending on the control level values setx  and the jet air pressure value jP , a 24% to 49% 
reduction in the RMS vibration levels can be achieved by the proposed JPCS in the excitation 
Case s2. Similarly, a 22% to 39% reduction in RMS vibration levels can be achieved for the 
excitation Case s3, while an up to 51% reduction in RMS response can be achieved for 
excitation Case s4. The reduction in the MAX of the response is as high as 34% for all three 
cases considered. 
For the excitation Case s2, the best performance of the controller, corresponding to 49% 
reduction of RMS acceleration response value, is achieved for control level ±0.5g with 
jet air pressure 2.2bar. For the excitation Case s3, the highest reduction of the RMS 
acceleration response value is 39% and it is attained for control level ±0.1g and jet air 
pressure 1.2bar. Finally, for the excitation Case s4, where the effectiveness of the JPCS 
control at resonance is investigated, the highest reduction of the RMS acceleration response 
with respect to the uncontrolled one is 51% and it is attained for control level ±0.1g and 
jet air pressure 1.5bar. 
setx 
setx 
jP 
jP 
setx 
jP 
From the above results it is concluded that using the present JPCS it is possible to achieve an 
approximately 50% reduction of RMS acceleration response. This reduction value depends on 
the level of the response in relation to the control level setx  used and the control force  that 
the jet pulses are capable of applying on the structure. 
cF
For the excitation Cases s2, s3 and s4, a comparison of the uncontrolled and controlled 
vibration levels for the best controlled scenarios of each control level case are presented in 
Appendix 5.I. These comparisons include time histories and the respective histograms. 
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5.4 Control of the structure subjected to multi-tone base excitations 
 
A parametric study is next carried out for which the experimental structure is subjected to a 
series of multi-tone harmonic base excitations given in the form 
 
       
1 20 1 0 2 0
sin sin sin
N N
U t U t U t U t        (5.2) 
 
where  is the number of harmonic components. The number of harmonic components , 
the values of the amplitudes  and excitation frequencies 
N N
0iU i  are varied in the parametric 
study. Specifically, results in this thesis are presented for 2N  , 3 and 4 harmonic 
components. 
For 2 harmonic components, two excitation Cases are considered as follows. For the first 
excitation Case, denoted by m1, the excitation frequencies of the two harmonic components 
are selected to be 2Hz and 2.2Hz with amplitudes 
N 
1  2  01U  0.1 and 0.2. In the 
second excitation Case, denoted by m2, the respective excitation frequencies are selected to 
be 2.2Hz and 2Hz with same amplitudes as in the excitation Case m1. The results 
are presented in the subsections 5.4.1 and 5.4.2.  
01U 
1  2 
For  harmonic components, the excitation Cases are generated from all the possible 
combinations produced by using the excitation frequencies 
3N 
1  2Hz, 2.2Hz and 
2.6Hz with amplitudes 0.1 and 
2 
3  01U  01U  0.2, resulting in 8 different excitation Cases 
denoted by m3 through m10. The results for the excitation Case m3 are presented in 
subsection 5.4.3, while the results for the other Cases are summarized in Appendix 5.III. 
For  harmonic components, one or two excitation frequencies 4N  0i  are selected very 
close to the fundamental frequency s  of the structure. The amplitudes of the harmonics are 
selected to be 0.1 or 0.2. The results are presented in the subsections 5.4.4 and 5.4.5 and 
in Appendix 5.IV. 
0iU 
 
5.4.1 Excitation Case m1 
 
For the excitation Case m1, the command excitation is given by: 
 
     0.1sin 2 0.2sin 2.2U t t t   (5.3) 
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The base excitation time history, shown in Figure 5.22(a), is kept the same for the 
uncontrolled and all the controlled excitation scenarios. Figure 5.22(b) shows the acceleration 
response time history measured by the acceleration sensor at the top of the structure for the 
uncontrolled case. 
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(a) (b) 
Figure 5.22: Measured acceleration time history for excitation Case m1 (a) on the shaker, (b) 
at the top of the structure for the uncontrolled case 
 
According to the uncontrolled structural response time history, the acceleration peak values 
reach about ±2.2g. Thus, in order to investigate the effect of the control level on the efficiency 
of the controller, it is decided to apply the control algorithm for four different control levels 
equal to ±0.1g, ±0.5g, ±1.0g and ±1.5g. For all control levels the hysteresis value is selected 
to be 0.005g. The four different control level combinations are reported in Table 5.13. For 
each control level, a parametric study is performed to study the effectiveness of the present 
JPCS for all different jet pulse forces  shown on Table 5.1, resulting in 36 different control 
scenarios. 
cF
 
Table 5.13: Control combinations for the excitation Case m1 
Case 
Control 
Level 
(g) 
Hysteresis 
(g) 
1 ±0.1 0.005 
2 ±0.5 0.005 
3 ±1.0 0.005 
4 ±1.5 0.005 
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Results for the RMS and MAX values of the acceleration response at the top of the structure 
as a function of the jet air pressure values jP  are presented in Figures 5.23 and 5.24, 
respectively, for different control level values setx .  
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Figure 5.23: RMS values of acceleration response versus jet air pressure values  for 
different control level values 
jP
setx ; excitation Case m1 
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Figure 5.24: MAX values of acceleration response versus jet air pressure values  for 
different control level values 
jP
setx ; excitation Case m1 
 
Based on the results in Figures 5.23 and 5.24, it becomes clear that the effectiveness of the 
present JPCS depends on the control level setx  and the jet air pressure values jP . For 
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sufficiently low control level values setx , as the value of the jet air pressure jP  increases, the 
RMS and MAX acceleration response of the structure reduces. Specifically, for low control 
level values setx , a linear relation is observed between the RMS acceleration response and the 
jet air pressure values jP  and consequently the control force values . There is a ceiling jet 
air pressure value  that if it is exceeded then this linearity tends to be violated and the 
controller effectiveness deteriorates which means the RMS acceleration response value 
approaches the uncontrolled one. The optimal control level value 
cF
jP
setx  depends on the jet air 
pressure value jP  used. High control level values setx  in relation to the intensity of the 
vibrations render the control system less effective. In addition, for high enough jet air 
pressures jP , the MAX acceleration response is increased and the effectiveness of the 
controller is deteriorated, independent of the values of the control level setx . This is due partly 
to the fact that the force magnitude cannot be controlled by the hardware of the implemented 
control system and partly to the time delay in applying or removing the command jet pulse 
force on the structure. These limitations of the hardware are responsible for the 
ineffectiveness of the jet pulse control. 
To further demonstrate the effectiveness of the present JPCS, the best controlled scenario 
corresponding to the lowest RMS and MAX values of acceleration response is shown on 
Tables 5.14 and 5.15, respectively, for each control level that is reported in Table 5.13. From 
these tables it is observed that the optimal control level values are the lower and intermediate 
values of ±0.1g and ±0.5g. Overall it can be stated that an 18% to 49% reduction in the RMS 
and 17% to 39% reduction in the MAX of the vibration levels can be achieved by the 
proposed JPCS, depending on the control level setx  and the jet air pressure  used. For the 
excitation case m1, the best performance of the controller, corresponding to 49% reduction of 
RMS acceleration response value is achieved for control level ±0.5g with jet air 
pressure 2.2bar. 
jP
setx 
jP 
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Table 5.14: The lowest RMS acceleration response values and their percentage reduction with 
respect to the uncontrolled scenario for excitation Case m1 
Case 
Control 
Level 
(g) 
Hysteresis 
(g) 
tP  (bar) jP  (bar) cF  (N) RMS 
RMS 
Reduction 
(%) 
1 ±0.1 0.005 7 1.8 7.54 0.65 47 
2 ±0.5 0.005 8.5 2.2 9.21 0.62 49 
3 ±1.0 0.005 7 1.8 7.54 0.82 33 
4 ±1.5 0.005 8.5 2.2 9.21 1.00 18 
 
Table 5.15: The lowest MAX acceleration response values and their percentage reduction 
with respect to the uncontrolled scenario for excitation Case m1 
Case 
Control 
Level 
(g) 
Hysteresis 
(g) 
tP  (bar) jP  (bar) cF  (N) MAX 
MAX 
Reduction 
(%) 
1 ±0.1 0.005 7 1.8 7.54 1.47 34 
2 ±0.5 0.005 7 1.8 7.54 1.37 39 
3 ±1.0 0.005 6 1.5 6.28 1.55 31 
4 ±1.5 0.005 6 1.5 6.28 1.86 17 
 
Figures 5.25(a) through 5.28(a) present a comparison of the uncontrolled and controlled 
acceleration response time histories for the best controlled scenarios of each control level case 
reported in Table 5.13. Figures 5.25(b) through 5.28(b) present a similar comparison for the 
respective histograms obtained using a step equal to 0.1g. 
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(a) (b) 
Figure 5.25: Comparison between uncontrolled and controlled vibration response of structure 
for control case 1 shown in Table 5.14, (a) time histories, (b) histograms; excitation Case m1 
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(a) (b) 
Figure 5.26: Comparison between uncontrolled and controlled vibration response of structure 
for control case 2 shown in Table 5.14, (a) time histories, (b) histograms; excitation Case m1 
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(a) (b) 
Figure 5.27: Comparison between uncontrolled and controlled vibration response of structure 
for control case 3 shown in Table 5.14, (a) time histories, (b) histograms; excitation Case m1 
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(a) (b) 
Figure 5.28: Comparison between uncontrolled and controlled vibration response of structure 
for control case 4 shown in Table 5.14, (a) time histories, (b) histograms; excitation Case m1 
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5.4.2 Excitation Case m2 
 
Next, similar results are summarized for the excitation Case m2. The command excitation is 
given by: 
 
     0.1sin 2.2 0.2sin 2U t t t   (5.4) 
 
The corresponding command acceleration time history, shown in Figure 5.29(a), is kept the 
same for the uncontrolled and all the controlled excitation scenarios. Figure 5.29(b) shows the 
acceleration response time history measured by the acceleration sensor at the top of the 
structure for the uncontrolled case. 
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(a) (b) 
Figure 5.29: Measured acceleration time history for excitation Case m2 (a) on the shaker, (b) 
at the top of the structure for the uncontrolled case 
 
Results are presented for same control levels as in the excitation Case m1. Specifically, the 
control levels are chosen to be equal to ±0.1g, ±0.5g, ±1.0g and ±1.5g. For all the control 
levels the hysteresis value is selected to be 0.005g. The four different control level 
combinations are reported in Table 5.16. For each control level, a parametric study is 
performed to study the effectiveness of the present JPCS for all different jet pulse control 
forces  shown on Table 5.1, resulting in 36 different control scenarios. cF
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Table 5.16: Control combinations for the excitation Case m2 
Case 
Control 
Level 
(g) 
Hysteresis 
(g) 
1 ±0.1 0.005 
2 ±0.5 0.005 
3 ±1.0 0.005 
4 ±1.5 0.005 
 
For the excitation Case m2, results for the RMS and MAX values of the acceleration response 
as a function of the jet air pressure values  given in Table 5.1 are shown in Figures 5.30 and 
5.31, respectively, for different control levels 
jP
setx . 
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Figure 5.30: RMS values of acceleration response versus jet air pressure values  for 
different control level values 
jP
setx ; excitation Case m2 
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Figure 5.31: MAX values of acceleration response versus jet air pressure values jP  for 
different control level values setx ; excitation Case m2 
 
Based on the Figures 5.30 and 5.31, conclusions similar to the Case m1 can be stated. The 
best controlled scenario corresponding to the lowest RMS and MAX values of acceleration 
response is shown on Tables 5.17 and 5.18 respectively, for each control level of the 
excitation Case m2. A comparison of the uncontrolled and controlled vibration levels for the 
best controlled scenarios of each control level case is presented in Appendix 5.II. These 
comparisons include time histories and the respective histograms. 
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Table 5.17: The lowest RMS acceleration response values and their percentage reduction with 
respect to the uncontrolled scenario for excitation Case m2 
Case 
Control 
Level 
(g) 
Hysteresis 
(g) 
tP  (bar) jP  (bar) cF  (N) RMS 
RMS 
Reduction 
(%) 
1 ±0.1 0.005 7 1.8 7.54 0.56 38 
2 ±0.5 0.005 8 2.1 8.79 0.57 37 
3 ±1.0 0.005 8 2.1 8.79 0.68 25 
4 ±1.5 0.005 8.5 2.2 9.21 0.80 12 
 
Table 5.18: The lowest MAX acceleration response values and their percentage reduction 
with respect to the uncontrolled scenario for excitation Case m2 
Case 
Control 
Level 
(g) 
Hysteresis 
(g) 
tP  (bar) jP  (bar) cF  (N) MAX 
MAX 
Reduction 
(%) 
1 ±0.1 0.005 7 1.8 7.54 1.36 30 
2 ±0.5 0.005 6 1.5 6.28 1.30 33 
3 ±1.0 0.005 5 1.2 5.02 1.48 23 
4 ±1.5 0.005 4 0.9 3.77 1.75 9 
 
Overall it can be stated that a 12% to 38% reduction in the RMS and a 9% to 33% reduction 
in the MAX of the vibration levels can be achieved by the proposed JPCS, depending on the 
control level setx  and the jet air pressure  used. The best performance of the controller, 
corresponding to 38% reduction of acceleration response RMS value, is achieved for control 
level ±0.1g with jet air pressure 
jP
setx  jP  1.8bar. 
 
5.4.3 Excitation Case m3 
 
Results are next presented for  harmonic components. Specifically, the excitation Case 
m3 is given by: 
3N =
 
       0.1sin 2 0.1sin 2.2 0.1sin 2.6U t t t   t  (5.5) 
 
Institutional Repository - Library & Information Centre - University of Thessaly
09/12/2017 03:27:46 EET - 137.108.70.7
Control of structure under single- and multi-tone harmonic excitations 134 
The base excitation time history, shown in Figure 5.32(a), is kept the same for the 
uncontrolled and all the controlled excitation scenarios. Figure 5.32(b) shows the acceleration 
response time history measured by the acceleration sensor at the top of the structure for the 
uncontrolled case. 
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(a) (b) 
Figure 5.32: Measured acceleration time history for excitation Case m3 (a) on the shaker, (b) 
at the top of the structure for the uncontrolled case 
 
According to the uncontrolled structural response time history, the acceleration peak values 
reach about ±0.9g. Thus it is decided to apply the control algorithm for two different control 
levels equal to ±0.1g and ±0.5g. For all control levels the hysteresis value is selected to be 
0.005g. The two different control level combinations are reported in Table 5.19. For each 
control level, a parametric study is performed to study the effectiveness of the present JPCS 
for all different jet pulse forces  shown on Table 5.1, resulting in 18 different control 
scenarios. 
cF
 
Table 5.19: Control combinations for the excitation Case m3 
Case 
Control 
Level 
(g) 
Hysteresis 
(g) 
1 ±0.1 0.005 
2 ±0.5 0.005 
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Results for the RMS and MAX values of the acceleration response at the top of the structure 
as a function of the jet air pressure values jP  are presented in Figures 5.33 and 5.34, 
respectively, for different control level values setx . 
 
0.3 0.4 0.5 0.6 0.7 0.8
0
0.5
1
1.5
2
2.5
3
RMS
P
j (
ba
r)
Jet Pressure Pj vs. RMS of Structure Response
 
 
uncontrolled
control level=0.1g
control level=0.5g
 
Figure 5.33: RMS values of acceleration response versus jet air pressure values jP  for 
different control level values setx ; excitation Case m3 
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Figure 5.34: MAX values of acceleration response versus jet air pressure values jP  for 
different control level values setx ; excitation Case m3 
 
According to the Figures 5.33 and 5.34, conclusions similar to the Cases m1 and m2 can be 
stated. The best controlled acceleration response for the excitation Case m3 does not 
correspond to the lowest control level value setx  and highest jet air pressure value  of the jP
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considered system. It is also worth observing that the known linearity is confined to 
sufficiently low jet air pressure values jP . There is a ceiling jet air pressure value jP  that if it 
is exceeded then the controller effectiveness deteriorates, resulting in higher RMS 
acceleration response values than the respective uncontrolled ones. 
Additionally, the best controlled scenario corresponding to the lowest RMS and MAX values 
of acceleration response is shown on Tables 5.20 and 5.21, for each control level that is 
reported in Table 5.19 for the excitation Case m3. 
 
Table 5.20: The lowest RMS acceleration response values and their percentage reduction with 
respect to the uncontrolled scenario for excitation Case m3 
Case 
Control 
Level 
(g) 
Hysteresis 
(g) 
tP  (bar) jP  (bar) cF  (N) RMS 
RMS 
Reduction 
(%) 
1 ±0.1 0.005 4 0.9 3.77 0.29 24 
2 ±0.5 0.005 3 0.6 2.51 0.36 5 
 
Table 5.21: The lowest MAX acceleration response values and their percentage reduction 
with respect to the uncontrolled scenario for excitation Case m3 
Case 
Control 
Level 
(g) 
Hysteresis 
(g) 
tP  (bar) jP  (bar) cF  (N) MAX 
MAX 
Reduction 
(%) 
1 ±0.1 0.005 3 0.6 2.51 0.83 10 
2 ±0.5 0.005 2 0.35 1.46 0.91 1 
 
Overall it can be stated that a 5% to 24% reduction in the RMS and a 1% to 10% reduction in 
the MAX of the vibration levels can be achieved by the proposed JPCS, depending on the 
control level setx  and the jet air pressure  used. For the excitation Case m3, the best 
performance of the controller, corresponding to 24% reduction of RMS acceleration response 
value is achieved for control level 
jP
setx ±0.1g with jet air pressure jP  0.9bar. 
Figures 5.35(a) and 5.36(a) present a comparison of the uncontrolled and controlled 
acceleration response time histories for the best controlled scenarios of each control level case 
reported in Table 5.20. Figures 5.35(b) and 5.36(b) present a similar comparison for the 
histograms. 
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(a) (b) 
Figure 5.35: Comparison between uncontrolled and controlled vibration response of structure 
for control case 1 shown in Table 5.20, (a) time histories, (b) histograms; excitation Case m3 
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(a) (b) 
Figure 5.36: Comparison between uncontrolled and controlled vibration response of structure 
for control case 2 shown in Table 5.20, (a) time histories, (b) histograms; excitation Case m3 
 
5.4.4 Excitation Case m11 
 
Finally, results are presented for  harmonic components. For the excitation Case m11, 
the command excitation is given by: 
4N =
 
         0.1sin 2 0.1sin 2.1 0.1sin 2.2 0.1sin 2.3U t t t t t     (5.6) 
 
where the fourth excitation frequency 4 2.3Hz is chosen to be very close to the 
fundamental frequency s  2.39Hz of the structure. The base excitation time history, shown 
in Figure 5.37(a), is kept the same for the uncontrolled and all the controlled excitation 
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scenarios. Figure 5.37(b) shows the acceleration response time history measured by the 
acceleration sensor at the top of the structure for the uncontrolled case. 
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(a) (b) 
Figure 5.37: Measured acceleration time history for excitation Case m11 (a) on the shaker, (b) 
at the top of the structure for the uncontrolled case 
 
According to the uncontrolled structural response time history, the acceleration peak values 
reach about ±1.1g. Thus it is decided to apply the control algorithm for three different control 
levels equal to ±0.1g, ±0.5g and ±1.0g. For all control levels the hysteresis value is selected to 
be 0.005g. The three different control level combinations are reported in Table 5.22. For each 
control level, a parametric study is performed to study the effectiveness of the present JPCS 
for all different jet pulse forces  shown on Table 5.1, resulting in 27 different control 
scenarios. 
cF
 
Table 5.22: Control combinations for the excitation Case m11 
Case 
Control 
Level 
(g) 
Hysteresis 
(g) 
1 ±0.1 0.005 
2 ±0.5 0.005 
3 ±1.0 0.005 
 
Results for the RMS and MAX values of the acceleration response at the top of the structure 
as a function of the jet air pressure values  are presented in Figures 5.38 and 5.39, 
respectively, for different control level values 
jP
setx . 
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Figure 5.38: RMS values of acceleration response versus jet air pressure values jP  for 
different control level values setx ; excitation Case 11 
 
0.5 1 1.5 2 2.5 3
0
0.5
1
1.5
2
2.5
MAX
P
j (
ba
r)
Jet Pressure Pj vs. MAX value of Structure Response
 
 
uncontrolled
control level=0.1g
control level=0.5g
control level=1.0g
 
Figure 5.39: MAX values of acceleration response versus jet air pressure values jP  for 
different control level values setx ; excitation Case 11 
 
In Figure 5.38, it is observed that the lower the control level value setx  is, the lower the RMS 
acceleration response value and the higher the effectiveness of the controller is, provided that 
the jet air pressure level jP  is kept sufficiently low. For given control level values setx , a 
linear relation is observed between the RMS acceleration response value and the jet air 
pressure values . There is a ceiling jet air pressure value , that if it is exceeded then this 
linearity tends to be violated and the controller effectiveness deteriorates which means that the 
RMS acceleration response value approaches the uncontrolled one. The optimal control level 
jP jP
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value setx  depends on the jet air pressure value jP  used. High control level values setx  in 
relation to the intensity of the vibrations render the control system less effective. In addition, 
for high enough jet air pressures jP , the MAX acceleration response is increased and the 
effectiveness of the controller is deteriorated, independent of the values of the control level. 
This is due partly to the fact that the force magnitude cannot be controlled by the hardware of 
the implemented control system and partly to the time delay in exerting or removing the 
command jet pulse force on the structure. These limitations of the hardware are responsible 
for the ineffectiveness of the jet pulse control. 
To further demonstrate the effectiveness of the present JPCS, the best controlled scenario 
corresponding to the lowest RMS and MAX values of acceleration response is shown on 
Tables 5.23 and 5.24, respectively, for each control level that is reported in Table 5.22. From 
these tables it is observed that the optimal control level value setx  is the lower value of ±0.1g. 
 
Table 5.23: The lowest RMS acceleration response values and their percentage reduction with 
respect to the uncontrolled scenario for excitation Case m11 
Case 
Control 
Level 
(g) 
Hysteresis 
(g) 
tP  (bar) jP  (bar) cF  (N) RMS 
RMS 
Reduction 
(%) 
1 ±0.1 0.005 4 0.9 3.77 0.25 32 
2 ±0.5 0.005 5 1.2 5.02 0.29 22 
3 ±1.0 0.005 7 1.8 7.54 0.34 8 
 
Table 5.24 The lowest MAX acceleration response values and their percentage reduction with 
respect to the uncontrolled scenario for excitation Case m11 
Case 
Control 
Level 
(g) 
Hysteresis 
(g) 
tP  (bar) jP  (bar) cF  (N) MAX 
MAX 
Reduction 
(%) 
1 ±0.1 0.005 4 0.9 3.77 0.68 38 
2 ±0.5 0.005 3 0.6 2.51 0.87 20 
3 ±1.0 0.005 2 0.35 1.46 1.10 -1 
 
Overall it can be stated that a 8% to 32% reduction in the RMS and up to 38% reduction in 
the MAX of the vibration levels can be achieved by the proposed JPCS, depending on the 
control level setx  and the jet air pressure jP  used. For the excitation Case m11, the best 
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performance of the controller, corresponding to 32% reduction of RMS acceleration response 
value is achieved for control level setx ±0.1g with jet air pressure jP  0.9bar. 
Figures 5.40(a) through 5.42(a) present a comparison of the uncontrolled and controlled 
acceleration response time histories for the best controlled scenario of each control level case 
reported in Table 5.23. Figures 5.40(b) through 5.42(b) present a similar comparison for the 
histograms. 
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(a) (b) 
Figure 5.40: Comparison between uncontrolled and controlled vibration response of structure 
for control case 1 shown in Table 5.23, (a) time histories, (b) histograms; excitation Case m11 
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(a) (b) 
Figure 5.41: Comparison between uncontrolled and controlled vibration response of structure 
for control case 2 shown in Table 5.23, (a) time histories, (b) histograms; excitation Case m11 
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(a) (b) 
Figure 5.42: Comparison between uncontrolled and controlled vibration response of structure 
for control case 3 shown in Table 5.23, (a) time histories, (b) histograms; excitation Case m11 
 
5.4.5 Excitation Case m12 
 
For the excitation Case m12 the same N  4 harmonic components as in Case m11 are used. 
However, the excitation intensity in Case m12 is twice the intensity used in Case m11.The 
command excitation is given by: 
 
         0.2sin 2 0.2sin 2.1 0.2sin 2.2 0.2sin 2.3U t t t t t     (5.7) 
 
The base excitation time history shown in Figure 5.43(a) is kept the same for the uncontrolled 
and all the controlled excitation scenarios. Figure 5.43(b) shows the acceleration response 
time history measured by the acceleration sensor at the top of the structure for the 
uncontrolled case. 
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(a) (b) 
Figure 5.43: Measured acceleration time history for excitation Case m12 (a) on the shaker, (b) 
at the top of the structure for the uncontrolled case 
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According to the uncontrolled structural response time history, the acceleration peak values 
reach about ±2.2g. Thus it is decided to apply the control algorithm for four different control 
levels equal to ±0.1g, ±0.5g, ±1.0g and ±1.5g. For all control levels the hysteresis value is 
selected to be 0.005g. The four different control level combinations are reported in Table 
5.25. For each control level, a parametric study is performed to study the effectiveness of the 
present JPCS for all different jet pulse forces  shown on Table 5.1, resulting in 36 different 
control scenarios. 
cF
 
Table 5.25: Control combinations for the excitation Case m12 
Case 
Control 
Level 
(g) 
Hysteresis 
(g) 
1 ±0.1 0.005 
2 ±0.5 0.005 
3 ±1.0 0.005 
4 ±1.5 0.005 
 
Results for the RMS and MAX values of the acceleration response at the top of the structure 
as a function of the jet air pressure values  are presented in Figures 5.44 and 5.45, 
respectively, for different control level values 
jP
setx . 
In Figures 5.44 and 5.45, it is observed that the lower the control level value setx  is, the lower 
the RMS and MAX acceleration response value and the higher the effectiveness of the 
controller is, provided that the jet air pressure level jP  is kept sufficiently small. For given 
control level values setx , a linear relation is observed between the RMS and MAX 
acceleration response value and the jet air pressure values . There is again a ceiling jet air 
pressure value  that if it is exceeded then this linearity tends to be violated and the 
controller effectiveness deteriorates which means the RMS and MAX acceleration response 
values approach the uncontrolled one. The optimal control level value 
jP
jP
setx  depends on the jet 
air pressure value jP  used. High control level values setx  in relation to the intensity of the 
vibrations render the control system less effective. In addition, for high enough jet air 
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pressures jP , the MAX acceleration response is increased and the effectiveness of the 
controller is deteriorated, independent of the control level values setx . 
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Figure 5.44: RMS values of acceleration response versus jet air pressure values  for 
different control level values 
jP
setx ; excitation Case m12 
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Figure 5.45: MAX values of acceleration response versus jet air pressure values  for 
different control level values 
jP
setx ; excitation Case m12 
 
To further demonstrate the effectiveness of the present JPCS, the best controlled scenarios 
corresponding to the lowest RMS and MAX values of acceleration response is shown on 
Tables 5.26 and 5.27, respectively, for each control level that is reported in Table 5.25. From 
these tables it is observed that the optimal control level value setx  is the lower value of ±0.1g. 
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Table 5.26: The lowest RMS acceleration response values and their percentage reduction with 
respect to the uncontrolled scenario for excitation Case m12 
Case 
Control 
Level 
(g) 
Hysteresis 
(g) 
tP  (bar) jP  (bar) cF  (N) RMS 
RMS 
Reduction 
(%) 
1 ±0.1 0.005 7 1.8 7.54 0.49 36 
2 ±0.5 0.005 6 1.5 6.28 0.51 33 
3 ±1.0 0.005 9 2.4 10.05 0.56 26 
4 ±1.5 0.005 9 2.4 10.05 0.66 13 
 
Table 5.27: The lowest MAX acceleration response values and their percentage reduction 
with respect to the uncontrolled scenario for excitation Case m12 
Case 
Control 
Level 
(g) 
Hysteresis 
(g) 
tP  (bar) jP  (bar) cF  (N) MAX 
MAX 
Reduction 
(%) 
1 ±0.1 0.005 7 1.8 7.54 1.42 37 
2 ±0.5 0.005 8 2.1 8.79 1.26 44 
3 ±1.0 0.005 7 1.8 7.54 1.51 33 
4 ±1.5 0.005 6 1.5 6.28 1.94 14 
 
In a similar way with the excitation Case m11, it can be stated that a 13% to 36% reduction in 
the RMS and a 14% to 37% reduction in the MAX of the vibration levels can be achieved by 
the proposed JPCS, depending on the control level setx  and the jet air pressure  used. For 
the excitation Case m12, the best performance of the controller, corresponding to 36% 
reduction of RMS acceleration response value, is achieved for control level ±0.1g with 
jet air pressure 1.8. It is again verified that the effectiveness of the present JPCS is 
independent of the excitation amplitude. 
jP
setx
jP 
Figures 5.46(a) through 5.49(a) present a comparison of the uncontrolled and controlled 
acceleration response time histories for the best controlled scenarios of each control level case 
reported in Table 5.26. Figures 5.46(b) through 5.49(b) present a similar comparison for the 
histograms. 
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(a) (b) 
Figure 5.46: Comparison between uncontrolled and controlled vibration response of structure 
for control case 1 shown in Table 5.26, (a) time histories, (b) histograms; excitation Case m12 
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(a) (b) 
Figure 5.47: Comparison between uncontrolled and controlled vibration response of structure 
for control case 2 shown in Table 5.26, (a) time histories, (b) histograms; excitation Case m12 
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(a) (b) 
Figure 5.48: Comparison between uncontrolled and controlled vibration response of structure 
for control case 3 shown in Table 5.26, (a) time histories, (b) histograms; excitation Case m12 
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(a) (b) 
Figure 5.49: Comparison between uncontrolled and controlled vibration response of structure 
for control case 4 shown in Table 5.26 (a) time histories, (b) histograms; excitation Case m12 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Institutional Repository - Library & Information Centre - University of Thessaly
09/12/2017 03:27:46 EET - 137.108.70.7
Appendix   5.I: Uncontrolled and controlled accelerations for excitation Cases s2, s3 and s4 148 
Appendix   5.I: Uncontrolled and controlled accelerations for excitation Cases s2, s3 and 
s4 
 
For the single-tone excitation Case s2, Figures 5.I.1(a) through 5.I.5(a) present a comparison 
of the uncontrolled and controlled acceleration response time histories for the best controlled 
scenarios of each control level case reported in Table 5.7. Figures 5.I.1(b) through 5.I.5(b) 
present a similar comparison for the respective histograms obtained using a step equal to 0.1g.  
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(a) (b) 
Figure 5.I.1: Comparison between uncontrolled and controlled vibration response of structure 
for control case 1 shown in Table 5.7, (a) time histories, (b) histograms; excitation Case s2 
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(a) (b) 
Figure 5.I.2: Comparison between uncontrolled and controlled vibration response of structure 
for control case 2 shown in Table 5.7, (a) time histories, (b) histograms; excitation Case s2 
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(a) (b) 
Figure 5.I.3: Comparison between uncontrolled and controlled vibration response of structure 
for control case 3 shown in Table 5.7, (a) time histories, (b) histograms; excitation Case s2 
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(a) (b) 
Figure 5.I.4: Comparison between uncontrolled and controlled vibration response of structure 
for control case 4 shown in Table 5.7, (a) time histories, (b) histograms; excitation Case s2 
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(a) (b) 
Figure 5.I.5: Comparison between uncontrolled and controlled vibration response of structure 
for control case 5 shown in Table 5.7, (a) time histories, (b) histograms; excitation Case s2 
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For the single-tone excitation Case s3, Figures 5.I.6(a) through 5.I.8(a) present a comparison of 
the uncontrolled and controlled acceleration response time histories for the best controlled 
scenarios of each control level case reported in Table 5.9. Figures 5.I.6(b) through 5.I.8(b) 
present a similar comparison for the respective histograms obtained using a step equal to 0.1g. 
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(a) (b) 
Figure 5.I.6: Comparison between uncontrolled and controlled vibration response of structure 
for control case 1 shown in Table 5.9, (a) time histories, (b) histograms; excitation Case s3 
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(a) (b) 
Figure 5.I.7: Comparison between uncontrolled and controlled vibration response of structure 
for control case 2 shown in Table 5.9, (a) time histories, (b) histograms; excitation Case s3 
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(a) (b) 
Figure 5.I.8: Comparison between uncontrolled and controlled vibration response of structure 
for control case 3 shown in Table 5.9, (a) time histories, (b) histograms; excitation Case s3 
 
For the single-tone excitation Case s4, Figures 5.I.9(a) through 5.I.13(a) present a comparison 
of the uncontrolled and controlled acceleration response time histories for the best controlled 
scenarios of each control level case reported in Table 5.11. Figures 5.I.9(b) through 5.I.13(b) 
present a similar comparison for the respective histograms obtained using a step equal to 0.1g. 
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(a) (b) 
Figure 5.I.9: Comparison between uncontrolled and controlled vibration response of structure 
for control case 1 shown in Table 5.11, (a) time histories, (b) histograms; excitation Case s4 
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(a) (b) 
Figure 5.I.10: Comparison between uncontrolled and controlled vibration response of 
structure for control case 2 shown in Table 5.11, (a) time histories, (b) histograms; excitation 
Case s4 
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(a) (b) 
Figure 5.I.11: Comparison between uncontrolled and controlled vibration response of 
structure for control case 3 shown in Table 5.11, (a) time histories, (b) histograms; excitation 
Case s4 
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(a) (b) 
Figure 5.I.12: Comparison between uncontrolled and controlled vibration response of 
structure for control case 4 shown in Table 5.11, (a) time histories, (b) histograms; excitation 
Case s4 
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(a) (b) 
Figure 5.I.13: Comparison between uncontrolled and controlled vibration response of 
structure for control case 5 shown in Table 5.11, (a) time histories, (b) histograms; excitation 
Case s4 
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Appendix   5.II: Uncontrolled and controlled accelerations for excitation Case m2 
 
For the multi-tone excitation Case m2, Figures 5.II.1(a) through 5.II.4(a) present a 
comparison of the uncontrolled and controlled acceleration response time histories for the best 
controlled scenarios of each control level case reported in Table 5.17. Figures 5.II.1(b) 
through 5.II.4(b) present a similar comparison for the respective histograms obtained using a 
step equal to 0.1g. 
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igure 5.II.1: Comparison between uncontrolled and controlled vibration response of structure 
e histories, (b) histograms; excitation Case m2 
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igure 5.II.2: Comparison between uncontrolled and controlled vibration response of structure 
e histories, (b) histograms; excitation Case m2 
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(a) (b) 
Figure 5.II.3: Comparison between uncontrolled and controlled vibration response of structure 
for control case 3 shown in Table 5.17, (a) time histories, (b) histograms; excitation Case m2 
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Figure 5.II.4: Comparison between uncontrolled and controlled vibration response of structure 
for control case 4 shown in Table 5.17, (a) time histories, (b) histograms; excitation Case m2 
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Appendix   5.III: Results for controller effectiveness for excitation Cases m4 to m10 
 
5.III.1 Excitation Case m4 
 
For the excitation Case m4 the same N  3 harmonic components as in Case m3 are used. 
However, the excitation intensity in Case m4 is twice the intensity used in Case m3.The 
command excitation is given by: 
 
       sin 2.2 0.2sin 2.6t t  (5.III.1) 0.2sin 2 0.2U t t 
 
The base excitation time history shown in Figure 5.III.1(a) is kept the same for the 
uncontrolled and all the controlled excitation scenarios. Figure 5.III.1(b) shows the 
acceleration response time history measured by the acceleration sensor at the top of the 
structure for the uncontrolled case. 
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Figure 5.III.1: Measured acceleration time history for excitation Case m4 (a) on the shaker, 
(b) at the top of the structure for the uncontrolled case 
ccording to the uncontrolled structural response time history, the acceleration peak values 
ach about ±1.8g. Thus it is decided to apply the control algorithm for four different control 
vels equal to ±0.1g, ±0.5g, ±1.0g and ±1.5g. For all control levels the hysteresis value is 
elected to be 0.005g. The four different control combinations are reported in Table 5.III.1. 
or each control level, a parametric study is performed to study the effectiveness of the 
resent JPCS for all different jet pulse forces  shown on Table 5.1, resulting in 36 different 
control scenarios. 
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Table 5.III.1: Control combinations for the excitation Case m4 
Case 
Control 
Level 
(g) 
Hysteresis 
(g) 
1 ±0.1 0.005 
2 ±0.5 0.005 
3 ±1.0 0.005 
4 ±1.5 0.005 
 
esults for the RMS and MAX values of the acceleration response at the top of the structure R
as a function of the jet air pressure values jP  are presented in Figures 5.III.2 and 5.III.3, 
respectively, for different control level values setx . 
In Figures 5.III.2 and 5.III.3, it is observed that the lower the control level value setx  is, the 
lower the RMS and MAX acceleration response value and the higher the effectiveness of the 
e jet air pressure level jPcontroller, provided that th  is kept sufficiently sm
control level values 
all. For given 
setx , a linear relation is observed between the RMS and MAX 
acceleration response value and the jet air pressu . There is again a ceiling jet air 
pressure value  it is exceeded then this linear nds to be violat  the 
controller effectiveness deteriorates which m S and MAX acceleration response 
values appr lled one. The optimal control level value 
re values 
 
eans the RM
jP
ity tejP
oach the un
 that if
contro
ed and
setx  depends on the jet 
air pressure value jP  used. High control level values setx  in relation to the intensity of the 
vibrations rend
p  
ontrolle ed, independent of the control level values 
er t
i
he
orat
 control system less effective. In addition, for high enough jet air 
ressures jP , the MAX acceleration response is increased and the effectiveness of the
r is deter setx . c
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Figure 5.III.2: RMS values of acceleration response versus jet air pressure  values for 
different control level valu
jP
es setx ; excitation Case m4 
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Figure 5.III.3: MAX values of acceleration response versus jet air pressure jP  values for 
setxdifferent control level values ; excitation Case m4 
 
To further demonstrate the effectiveness of the present JPCS, the best controlled scenarios 
corresponding to the lowest RMS and MAX values of acceleration response is shown on 
Tables 5.III.2 and 5.III.3, respectively, for each control level that is reported in Table 5.III.1. 
From these tables it is observed that the optimal control level value setx  is the lower value of 
±0.1g. 
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Table 5.III.2: The lowest RMS acceleration response values and their percentage reduction 
with respect to the uncontrolled scenario for excitation Case m4 
Case 
Control 
Level 
(g) 
Hysteresis 
(g) 
 (bar)  (bar)  (N) RMS 
RMS 
Reduction 
(%) 
tP jP cF
1 ±0.1 0.005 4 0.9 3.77 0.61 23 
2 ±0.5 0.005 3 0.6 2.51 0.70 11 
3 ±1.0 0.005 6 1.5 6.28 0.71 10 
4 ±1.5 0.005 6 1.5 6.28 0.75 4 
 
Table 5.III.3: The lowest MAX acceleration response values and their percentage reduction 
 
Case Level 
(g) 
(g) 
 (bar)  (bar)  (N) MAX Reduction 
(%) 
with respect to the uncontrolled scenario for excitation Case m4
Control 
Hysteresis 
MAX 
tP jP cF
1 ±0.1 0.005 6 1.5 6.28 1.61 15 
2 ±0.5 0.005 3 0.6 2.51 1.74 8 
3 ±1.0 0.005 6 1.5 6.28 1.84 3 
4 ±1.5 0.005 2 0.35 1.46 1.90 0 
 
In a similar way with the excitation Case m3, it can be stated that a 4% to 23% reduction in 
the RMS and a 0% to 15% reduction in the MAX of the vibration levels can be achieved by 
the proposed JPCS, depending on the control level setx  and the jet air pressure  used. For 
the excitation Case m4, the best performan ontroller, corresponding to 23% 
red th 
jet air pressure he t JPCS is 
plitude. 
jP
esen
ce of the c
uction of RMS acceleration response value, is achieved for control level ±0.1g wi
0.9bar. It is again verified that the effectiveness of t
setx
 prjP 
independent of the excitation am
Figures 5.III.4(a) through 5.III.7(a) present a comparison of the uncontrolled and controlled 
acceleration response time histories for the best controlled scenario of each control level case 
reported in Table 5.III.2. Figures 5.III.4(b) through 5.III.7(b) present a similar comparison for 
the histograms. 
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Figure 5.III.4: Comparison between uncontrolled and controlled vibration response of 
 
structure for control case 1 shown in Table 5.III.2, (a) time histories, (b) histograms; 
excitation Case m4 
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Figure 5.III.5: Comparison between uncontrolled and controlled vibration response of 
structure for control case 2 shown in Table 5.III. (a) time histories, (b) histograms; 
 
2, 
excitation Case m4 
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Figure 5.III.6: Comparison between uncontrolled and controlled vibration response of 
structure for control case 3 shown in Table 5.III.2, (a) time histories, (b) histograms; 
excitation Case m4 
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Figure 5.III.7: Comparison between uncontrolled and controlled vibration response of 
structure for control case 4 shown in Table 5.III.2, (a) time histories, (b) histograms; 
excitation Case m4 
 
5.III.2 Excitation Cases m5 through m10 
 
Results are next presented for the remaining Cases for N  3 harmonic components. 
Specifically, the excitation Cases m5 through m10 are given by: 
 
       0.1sin 2 0.2sin 2.2 0.1sin 2.6U t t t t    (5.III.2) 
       0.1sin 2 0.1sin 2.2 0.2sin 2.6U t t t t    (5.III.3) 
       2sin 2.2 0.2sin 2.6t t  (5.III.4) 0.1sin 2 0.U t t 
       0.2sin 2 0.1sin 2.2 0.2sin 2.6t t t    (5.IIIU t .5) 
       sin 2.6t  0.2sin 2 0.2sin 2.2 0.1t t t  U (5.III.6) 
       0.2sin 2 0.1sin 2.2 0.1sin 2.6U t t t t    (5.III.7) 
 
The base excitation time histories, shown in Figures 5.III.8(a) through 5.III.13(a), are kept the 
same for the uncontrolled and all the controlled excitation scenarios. Figures 5.III.8(b) 
through 5.III.13(b) show the acceleration response time histories measured by the acceleration 
sensor at the top of the structure for the uncontrolled cases. 
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gure 5.III.8: Measured acceleration time history for excitation Case m5 (a) on the shake
(b) at the top of the structure for the uncontrolled case 
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(a) 
Figure 5.III.9: Measured acceleration time history for excitation Case m6 (a) on the shaker, 
(b) at the top of the structur
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Figure 5.III.10: Measured acceleration time history for excitation Case m7 (a) on the shaker, 
(b) at the top of the structure for the uncontrolled case 
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Figure 5.III.11: Measured acceleration time history for excitation Case m8 (a) on the shaker, 
(b) at the top of the structure for the uncontrolled case 
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Figure 5.III.12: Measured acceleration time history for excitation Case m9 (a) on the shaker, 
(b) at the top of the structure for the uncontrolled case 
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Figure 5.III.13: Measured acceleration time history for excitation Case m10 (a) on the shaker, 
(b) at the top of the structure for the uncontrolled case 
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According to all the above uncontrolled structural response time histories, the acceleration 
peak values reach about less than ±2.0g. Thus it is decided to apply the control algorithm for 
four different control levels equal to ±0.1g, ±0.5g, ±1.0g and ±1.5g. For all control levels the 
hysteresis value is selected to be 0.005g. The four different control level combinations are 
reported in Table 5.III.4. For each control level, a parametric study is performed to study the 
effectiveness of the present JPCS for all different jet pulse forces  shown on Table 5.1, 
resulting in 36 different control scenarios. 
 
Table 5.III.4:
(g) 
(g) 
cF
 Control combinations for the excitation Cases m5 through m10 
Case 
Control 
Level 
Hysteresis 
1 ±0.1 0.005 
2 ±0.5 0.005 
3 ±1.0 0.005 
4 ±1.5 0.005 
 
Results for the RMS and MAX values of the acceleration response at the top of the structure 
as a function of the jet air pressure values  are presented in Figures 5.III.14 through 
5.III.25, for different c
jP
ontrol level values setx . 
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Figure 5.III.15: MAX values of acceleration response versus jet air pressure values jP  for 
different control level values setx ; excitation Case m5 
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Figure 5.III.16: RMS values of acceleration response versus jet air pressure values jP  for 
different control level values setx ; excitation Case m6 
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Figure 5.III.17: MAX values of acceleration response versus jet air pressure values jP  for 
different control level values setx ; excitation Case m6 
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jPFigure 5.III.18: RMS values of acceleration response versus jet air pressure values  for 
different control level values setx ; excitation Case m7 
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Figure 5.III.19: MAX values of acceleration response versus jet air pressure values  for 
different control level values 
jP
setx ; excitation Case m7 
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jPFigure 5.III.20: RMS values of acceleration response versus jet air pressure values  for 
different control level values setx ; excitation Case m8 
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jPFigure 5.III.21: MAX values of acceleration response versus jet air pressure values  for 
different control level values setx ; excitation Case m8 
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jPFigure 5.III.22: RMS values of acceleration response versus jet air pressure values  for 
different control level values setx ; excitation Case m9 
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Figure 5.III.23: MAX values of acceleration response versus jet air pressure values  for 
different control level values 
jP
setx ; excitation Case m9 
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jPFigure 5.III.24: RMS values of acceleration response versus jet air pressure values  for 
different control level values setx ; excitation Case m10 
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Figure 5.III.25: MAX values of acceleration response versus jet air pressure values  for jP
different control level values setx ; excitation Case m10 
 
According to the Figures 5.III.14 through 5.III.25, it is verified that the effectiveness of the jet 
pulse control depends on the control level setx  and the jet air pressure jP . In general terms, it 
is followed the same trend as in the respective figures for excitation Cases m1 through m4. 
For the given control level values setx , the known linearity is observed between the RMS and 
MAX acceleration response values and the low jet pressure values jP . There is again a ceiling 
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jet pressure value jP
ith respe
 that if it is exceeded then the controller effectiveness deteriorates, 
resulting in higher RMS and MAX acceleration response values than the respective 
uncontrolled ones. 
Additionally, the best controlled scenario corresponding to the lowest RMS and MAX values 
of acceleration response is shown on Tables 5.III.5 through 5.III.16, for each control level that 
is reported in Table 5.III.4 for all the excitation Cases m5 through m10. 
 
Table 5.III.5: The lowest RMS acceleration response values and their percentage reduction 
w ct to the uncontrolled scenario for excitation Case m5 
Case 
Control 
Level 
Hysteresis 
(g) 
 (bar)  (bar)  (N) RMS 
RMS 
Reduction cF
(g) 
tP jP
(%) 
1 ±0. 41 1 0.005 6 1.5 6.28 0.56 
2 ±0.5 0.005 7 1.8 7.54 0.67 29 
3 ±1.0 0.005 7 1.8 7.54 0.80 15 
4 ±1.5 0.005 9 2.4 10.05 0.87 8 
 
 
Table 5.III.6: The lowest MAX acceleration response values and their percentage reduction 
with respect to the uncontrolled scenario for excitation Case m5 
Case 
Control 
Level 
(g) 
Hysteresis 
(g) 
 (bar)  (bar)  (N) MAX 
MAX 
Reduction 
(%) 
cFtP jP
1 ±0.1 0.005 4 0.9 3.77 1.65 20 
2 ±0.5 0.005 5 1.2 5.02 1.67 19 
3 ±1.0 0.005 5 1.2 5.02 1.84 11 
4 ±1.5 0.005 7 1.8 7.54 1.99 3 
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Table 5.III.7: The lowest RMS acceleration response values and their percentage reduction 
with respect to the uncontrolled scenario for excitation Case m6 
Contr
Case Level 
(g) 
Hysteresis 
(g) 
tP  (bar) jP  (bar) cF  (N) RMS Reduction 
(%) 
ol RMS 
1 ±0.1 0.005 7 1.8 7.54 0.60 20 
2 ±0.5 0.005 2 0.35 1.46 0.77 0 
3 ±1.0 0.005 2 0.35 1.46 0.79 -3 
4 ±1.5 0.005 2 0.35 1.46 0.77 0 
 
 
Table 5.III.8: The lowest MAX acceleration resp  value the entag uction 
w c lled sce o for e ion m6 
Case 
Control 
H  
 (bar) ) 
MAX 
Reduction 
(%) 
onse
nari
s and 
xcitat
ir perc
 Case 
e red
ith respe t to the uncontro
Level 
(g) 
ysteresis
(g) 
tP jP  (bar c  (N) F MAX 
1 ±0.1 0.005 7 1.8 7.54 1.37 26 
2 ±0.5 0.005 3 0.6 2.51 1.81 3 
3 ±1.0 0.005 3 0.6 2.51 1.84 1 
4 ±1.5 0.005 3 0.6 2.51 1.87 0 
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Table 5.III.9: The lowest RMS acceleration response values and their percentage reduction 
with respect to the uncontrolled scenario for excitation Case m7 
Case 
Control 
Level 
(g) 
Hysteresis 
(g) 
jP  (bar) tP cF (bar)  (N) RMS 
RMS 
Reduction 
(%) 
1 ±0.1 0.005 7 1.8 7.54 0.59 31 
2 ±0.5 0.005 5 1.2 5.02 0.73 15 
3 ±1.0 0.005 4 0.9 3.77 0.82 5 
4 ±1.5 0.005 4 0.9 3.77 0.83 3 
 
 
Table 5.III.10: The lowest MAX acceleration response values and their percentage reduction 
with respect to the uncontrolled scenario for excitation Case m7 
Case 
Control 
Level 
(g) 
Hysteresis 
(g) 
jP  (bar) tP cF (bar)  (N) MAX 
MAX 
Reduction 
(%) 
1 ±0.1 0.005 7 1.8 7.54 1.34 32 
2 ±0.5 0.005 4 0.9 3.77 1.80 9 
3 ±1.0 0.005 3 0.6 2.51 1.86 6 
4 ±1.5 0.005 4 0.9 3.77 1.96 1 
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Table 5.III.11: The lowest RMS acceleration response values and their percentage reduction 
with respect to the uncontrolled scenario for excitation Case m8 
Case 
Control 
Level 
(g) 
Hysteresis 
(g) 
jP  (bar) tP cF (bar)  (N) RMS 
RMS 
Reduction 
(%) 
1 ±0.1 0.005 7 1.8 7.54 0.62 14 
2 ±0.5 0.005 2 0.35 1.46 0.71 1 
3 ±1.0 0.005 3 0.6 2.51 0.72 0 
4 ±1.5 0.005 6 1.5 6.28 0.71 1 
 
 
Table 5.III.12: The lowest MAX acceleration response values and their percentage reduction 
with respect to the uncontrolled scenario for excitation Case m8 
Case 
Control 
Level 
(g) 
Hysteresis 
(g) 
jP  (bar) tP cF (bar)  (N) MAX 
MAX 
Reduction 
(%) 
1 ±0.1 0.005 3 0.6 2.51 1.66 7 
2 ±0.5 0.005 4 0.9 3.77 1.78 0 
3 ±1.0 0.005 2 0.35 1.46 1.81 -2 
4 ±1.5 0.005 6 1.5 6.28 1.80 -1 
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Table 5.III.13: The lowest RMS acceleration response values and their percentage reduction 
with respect to the uncontrolled scenario for excitation Case m9 
Case 
Control 
Level 
(g) 
Hysteresis 
(g) 
jP  (bar) tP cF (bar)  (N) RMS 
RMS 
Reduction 
(%) 
1 ±0.1 0.005 6 1.5 6.28 0.52 38 
2 ±0.5 0.005 6 1.5 6.28 0.61 26 
3 ±1.0 0.005 7 1.8 7.54 0.68 19 
4 ±1.5 0.005 8  .5 2.2 9.21 0.78 7 
 
 
Table 5.III.14: The lowest MAX acceleration response values and their percentage reduction 
with respect to the uncontrolled scenario for excitation Case m9 
Case 
Control 
Level 
(g) 
Hysteresis 
(g) 
jP  (bar) tP cF (bar)  (N) MAX 
MAX 
Reduction 
(%) 
1 ±0.1 0.005 6 1.5 6.28 1.54 21 
2 ±0.5 0.005 4 0.9 3.77 1.55 20 
3 ±1.0 0.005 4 0.9 3.77 1.70 13 
4 ±1.5 0.005 2 0.35 1.46 1.92 1 
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Table 5.III.15: The lowest RMS acceleration response values and their percentage reduction 
with respect to the uncontrolled scenario for excitation Case m10 
Case 
Control 
Level 
(g) 
Hysteresis 
(g) 
jP  (bar) tP cF (bar)  (N) RMS 
RMS 
Reduction 
(%) 
1 ±0.1 0.005 6 1.5 6.28 0.55 24 
2 ±0.5 0.005 3 0.6 2.51 0.67 9 
3 ±1.0 0.005 7 1.8 7.54 0.66 11 
4 ±1.5 0.005 6 1.5 6.28 0.72 3 
 
 
Table 5.III.16: The lowest MAX acceleration response values and their percentage reduction 
with respect to the uncontrolled scenario for excitation Case m10 
Case 
Control 
Level 
(g) 
Hysteresis 
(g) 
jP  (bar) tP cF (bar)  (N) MAX 
MAX 
Reduction 
(%) 
1 ±0.1 0.005 7 1.8 7.54 1.55 14 
2 ±0.5 0.005 3 0.6 2.51 1.64 9 
3 ±1.0 0.005 5 1.2 5.02 1.62 10 
4 ±1.5 0.005 2 0.35 1.46 1.79 1 
 
setxDepending on the control level values  and the jet air pressure value , a 8% to 41% 
reduction in the RMS vibration levels can be achieved by the proposed JPCS in the excitation 
Case m5. Similarly, an up to 20% reduction in RMS vibration levels can be achieved for the 
excitation Case m6, a 3% to 31% reduction in RMS response can be achieved for excitation 
Case m7, an up to 14% reduction in RMS vibration levels can be achieved for the excitation 
Case m8, a 7% to 38% reduction in RMS response can be achieved for excitation Case m9 
and a 3% to 24% reduction in RMS response can be achieved for excitation Case m10. 
Additionally, a 3% to 20% reduction in the MAX vibration levels can be achieved by the 
proposed JPCS in the excitation Case m5. Similarly, an up to 26% reduction in MAX 
vibration levels can be achieved for the excitation Case m6, a 1% to 32% reduction in MAX 
response can be achieved for excitation Case m7, an up to 7% reduction in MAX vibration 
levels can be achieved for the excitation Case m8, a 1% to 21% reduction in MAX response 
jP
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can be achieved for excitation Case m9 and a 1% to 14% reduction in RMS response can be 
a
For the excita o 41% 
reduction of RMS acceleration response value, is achieved fo tr with 
jet air pressure 1.5bar. For the excitation Case m6, the highest reduction of the RMS 
acceleration res valu % and is attai or co eve ±0.1g and jet air 
pressure 1  Fo xcitat  Case MS 
to the uncontro one is l 
level ±0.1g and jet air pressure 
chieved for excitation Case m10. 
e m5, the best performance of the controller, correspontion Cas
jP 
ding t
setx ±0.1g r con ol level 
and it is attained for contro
ponse 
acceleration response with respect 
e is 20  it ned f ntrol l l setx 
the highest reduction of the RjP 

 .8bar. r the e ion m7, 
lled  31% 
setx jP  1.8bar. For the excitation Case m , the highest 
duc  acceleration response with respect to the uncontro % and it 
i
8
lled one is 14re tion of the RMS
s attained for control level setx ±0.1g and jet air pressure jP  1.8bar. For the excitation 
 highest reduction of the RMS acceleration response with reCase m to the 
unco 8% atta r control level 
9
n
, the
 on
spect 
trolled e is 3  and it is ined fo setx ±0.1g and jet air pressure 
and it is attained for contro
jP 
level 
1.5bar. Finally, 
acceleration response with respect 
for tati ase m1
tro one is l 
±0.1g and jet air pressure 
the exci on C
to the uncon
j
0, the highest reduction of the RMS 
lled  24% 
sex P  1.5bar. t 
From the above results it is concluded that using the present JPCS it is ved th aximum 
effectiveness w  low trol level 
 achie e m
ith the est con setx ±0.1g. 
or the above excitation Cases m5 through m10, a comparison of the uncontrolled and 
 using 
F
controlled vibration levels for the best controlled scenarios of each control level case are 
presented in Figures 5.III.26.through 5.III.49 These comparisons include time histories and 
the respective histograms. 
For the multi-tone excitation Case m5, Figures 5.III.26(a) through 5.III.29(a) present a 
comparison of the uncontrolled and controlled acceleration response time histories for the best 
controlled scenario of each control level case reported in Table 5.III.5. Figures 5.III.26(b) 
through 5.III.29(b) present a similar comparison for the respective histograms obtained
a step equal to 0.1g.  
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(a) (b) 
Figure 5.III.26: Comparison between uncontrolled and controlled vibration response of 
excitation Case m5 
 
structure for control case 1 shown in Table 5.III.5, (a) time histories, (b) histograms; 
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(a) (b) 
Figure 5.III.27: Comparison between uncontrolled and controlled vibration response of 
structure for control case 2 shown in Table 5.III.5, (a) time histories, (b) histograms; 
excitation Case m5 
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(a) (b) 
Figure 5.III.28: Comparison between uncontrolled and controlled vibration response of 
structure for control case 3 shown in Table 5.III.5, (a) time histories, (b) histograms; 
excitation Case m5 
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(a) (b) 
Figure 5.III.29: Comparison between uncontrolled and controlled vibration response of 
structure for control case 4 shown in Table 5.III.5, (a) time histories, (b) histograms; 
excitation Case m5 
 
For the multi-tone excitation Case m6, Figures 5.III.30(a) through 5.III.33(a) present a 
comparison of the uncontrolled and controlled acceleration response time histories for the best 
controlled scenario of each control level case reported in Table 5.III.7. Figures 5.III.30(b) 
through 5.III.33(b) present a similar comparison for the respective histograms obtained using 
a step equal to 0.1g. 
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(a) (b) 
Figure 5.III.30: Comparison between uncontrolled and controlled vibration response of 
structure for control case 1 shown in Table 5.III.7, (a) time histories, (b) histograms; 
excitation Case m6 
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(a) (b) 
Figure 5.III.31: Comparison between uncontrolled and controlled vibration response of 
structure for control case 2 shown in Table 5.III.7, (a) time histories, (b) histograms; 
excitation Case m6 
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(a) (b) 
Figure 5.III.32: Comparison between uncontrolled and controlled vibration response of 
structure for control case 3 shown in Table 5.III.7, (a) time histories, (b) histograms; 
excitation Case m6 
 
0 5 10 15 20 25 30
-4
-3
-2
-1
0
1
2
3
4
time (s)
ac
ce
le
ra
tio
n 
(g
)
Time History of structure response
 
 
uncontrolled structure response, RMS=0.77
controlled structure response, Pt=2bar, Pj=0.35bar, RMS=0.77
-2.5 -2
300
-1.5 -1 -0.5 0 0.5 1 1.5 2 2.5
0
50
100
150
200
250
acceleration (g)
N
Histogram of structure response
 
uncontrolled structure response, RMS=0.77
controlled structure response, Pt=2bar, Pj=0.35bar, RMS=0.77
 
 
(a) (b) 
Figure 5.III.33: Comparison between uncontrolled and controlled vibration response of 
structure for control case 4 shown in Table 5.III.7, (a) time histories, (b) histograms; 
excitation Case m6 
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For the multi-tone excitation Case m7, Figures 5.III.34(a) through 5.III.37(a) present a 
comparison of the uncontrolled and controlled acceleration response time histories for the best 
controlled scenario of each control level case reported in Table 5.III.9 Figures 5.III.34(b) 
through 5.III.37(b) present a similar comparison for the respective histograms obtained using 
a step equal to 0.1g. 
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(a) (b) 
Figure 5.III.34: Comparison between uncontrolled and controlled vibration response of 
structure for control case 1 shown in Table 5.III.9, (a) time histories, (b) histograms; 
excitation Case m7 
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(a) (b) 
Figure 5.III.35: Comparison between uncontrolled and controlled vibration response of 
structure for control case 2 shown in Table 5.III.9, (a) time histories, (b) histograms; 
excitation Case m7 
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(a) (b) 
Figure 5.III.36 Comparison between uncontrolled and controlled vibration response of 
structure for control case 3 shown in Table 5.III.9, (a) time histories, (b) histograms; 
excitation Case m7 
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(a) (b) 
Figure 5.III.37: Comparison between uncontrolled and controlled vibration response of 
structure for control case 4 shown in Table 5.III.9, (a) time histories, (b) histograms; 
excitation Case m7 
 
For the multi-tone excitation Case m8, Figures 5.III.38(a) through 5.III.41(a) present a 
comparison of the uncontrolled and controlled acceleration response time histories for the best 
controlled scenario of each control level case reported in Table 5.III.11 Figures 5.III.38(b) 
through 5.III.41(b) present a similar comparison for the respective histograms obtained using 
a step equal to 0.1g. 
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(a) (b) 
Figure 5.III.38: Comparison between uncontrolled and controlled vibration response of 
structure for control case 1 shown in Table 5.III.11, (a) time histories, (b) histograms; 
excitation Case m8 
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(a) (b) 
Figure 5.III.39: Comparison between uncontrolled and controlled vibration response of 
structure for control case 2 shown in Table 5.III.11, (a) time histories, (b) histograms; 
excitation Case m8 
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(a) (b) 
Figure 5.III.40: Comparison between uncontrolled and controlled vibration response of 
structure for control case 3 shown in Table 5.III.11, (a) time histories, (b) histograms; 
excitation Case m8 
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(a) (b) 
Figure 5.III.41: Comparison between uncontrolled and controlled vibration response of 
structure for control case 4 shown in Table 5.III.11, (a) time histories, (b) histograms; 
excitation Case m8 
 
For the multi-tone excitation Case m9, Figures 5.III.42(a) through 5.III.45(a) present a 
comparison of the uncontrolled and controlled acceleration response time histories for the best 
controlled scenario of each control level case reported in Table 5.III.13 Figures 5.III.42(b) 
through 5.III.45(b) present a similar comparison for the respective histograms obtained using 
a step equal to 0.1g. 
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(a) (b) 
Figure 5.III.42: Comparison between uncontrolled and controlled vibration response of 
structure for control case 1 shown in Table 5.III.13, (a) time histories, (b) histograms; 
excitation Case m9 
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(a) (b) 
Figure 5.III.43: Comparison between uncontrolled and controlled vibration response of 
structure for control case 2 shown in Table 5.III.13, (a) time histories, (b) histograms; 
 
excitation Case m9 
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(a) (b) 
Figure 5.III.44: Comparison between uncontrolled and controlled vibration response of 
structure for control case 3 shown in Table 5.III.13, (a) time histories, (b) histograms; 
excitation Case m9 
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(a) (b) 
Figure 5.III.45: Comparison between uncontrolled and controlled vibration response of 
structure for control case 4 shown in Table 5.III.13, (a) time histories, (b) histograms; 
excitation Case m9 
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For the multi-tone excitation Case m10, Figures 5.III.46(a) through 5.III.49(a) present a 
comparison of the uncontrolled and controlled acceleration response time histories for the best 
controlled scenario of each control level case reported in Table 5.III.15 Figures 5.III.46(b) 
through 5.III.49(b) present a similar comparison for the respective histograms obtained using 
a step equal to 0.1g. 
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Figure 5.III.46: Comparison between uncontrolled and controlled vibration response of 
structure for control case 1 shown in Table 5.III.15, (a) time histories, (b) histograms; 
excitation Case m10 
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(a) (b) 
Figure 5.III.47: Comparison between uncontrolled and controlled vibration response of 
structure for control case 2 shown in Table 5.III.15, (a) time histories, (b) histograms; 
excitation Case m10 
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(a) (b) 
Figure 5.III.48 Comparison between uncontrolled and controlled vibration response of 
structure for control case 3 shown in Table 5.III.15, (a) time histories, (b) histograms; 
excitation Case m10 
 
0 5 10 15 20 25 30
-4
-3
-2
-1
0
1
2
3
4
time (s)
ac
ce
le
ra
t
Time History of structure response
 
 
-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5
0
50
100
io
n 
(g
)
uncontrolled structure response, RMS=0.74
controlled structure response, Pt=6bar, Pj=1.5bar, RMS=0.72
150
200
250
300
acceleration (g)
Histogram of structure response
 
 
uncontrolled structure response, RMS=0.74
controlled structure response, Pt=6bar, Pj=1.5bar, RMS=0.72
N
 
(a) (b) 
Figure 5.III.49: Comparison between uncontrolled and controlled vibration response of 
structure for control case 4 shown in Table 5.III.15, (a) time histories, (b) histograms; 
excitation Case m10 
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Appendix   5.IV: Results for controller effectiveness for excitation Cases m13 and m14 
 
5.IV.1 Excitation Cases m13 and m14 
 
Results are now presented for 4 harmonic components. For the excitation Case m13 and 
m14, the command excitations are given by: 
 
N 
         0.1sin 2.1 0.1sin 2.2 0.1sin 2.3 0.1sin 2.4U t t t t t     (5.IV.1) 
         0.2sin 2.2 0.2sin 2.3 0.2sin 2.4t t t   (5.IV.2) 0.2sin 2.1
 frequency 
U t t 
 
where the third and fourth excitation 3  2.3Hz, 4 2.4Hz are very close to the 
fundamental frequency s  2.39Hz of the structure. The base excitation time histories shown 
in Figures 5.IV.1(a) and 5.IV.2(a) are kept the same for the uncontrolled and all the controlled 
excitation scenarios. Figures 5.IV.1(b) and 5.IV.2(b) show the acceleration response time 
histories measured by the acceleration sensor at the top of the structure for the uncontrolled 
case. 
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Figure 5.IV.1: Measured acceleration time history for excitation Case m13 (a) on the shaker, 
(b) at the top of the structure for the uncontrolled case 
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Figure 5.IV.2: Measured acceleration time history for excitation Case m
(b) at the top of the structure for the uncontrolled case 
According to the uncontrolled structural response time histories, the acceleration peak values 
ed in Tables 5.IV.1 and 5.IV.2. For each control level, a parametric study is performed 
 study the effectiveness of the present JPCS for all different jet pulse control forces 
shown on Table 5.1, resulting in 27 and 45 different control scenarios. 
 
Table 5.IV.1: Control combinations for the excitation Case m13 
Case 
Control 
Level 
(g) 
Hysteresis 
(g) 
14 (a) on the shaker, 
 
reach about ±1.1g and ±2.3g for the excitation Cases m13 and m14, respectively. Thus it is 
decided to apply the control algorithm for three and five different control levels equal to 
±0.1g, ±0.5g and ±1.0g, as well as ±0.1g, ±0.5g, ±1.0g, ±1.5g and ±2.0g. For all control levels 
the hysteresis value is selected to be 0.005g. All the different control level combinations are 
report
cF  to
1 ±0.1 0.005 
2 ±0.5 0.005 
3 ±1.0 0.005 
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Table 5.IV.2: Control combinations for the excitation Case m14 
Case 
Control 
Level 
(g) 
Hysteresis 
(g) 
1 ±0.1 0.005 
2 ±0.5 0.005 
3 ±1.0 0.005 
4 ±1.5 0.005 
5 ±2.0 0.005 
 
 and MAX values of the acceleration response at the tResults for the RMS op of the structure 
as a function of the jet air pressure jP  values are presented in Figures 5.IV.3 through 5.IV.6, 
for different control level values setx . 
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Figure 5.IV.3: RMS values of acceleration response versus jet air pressure values jP  for 
different contr  leol vel values setx ; excitation Case m13 
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jPFigure 5.IV.4: MAX values of acceleration response versus jet air pressure values  for 
different control level values setx ; excitation Case m13 
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jPFigure 5.IV.5: RMS values of acceleration response versus jet air pressure values  for 
different control level values setx ; excitation Case m14 
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Figure 5.IV.6: MAX values of acceleration response versus jet air pressure values  for jP
different control level values setx ; excitation Case m14 
 
Based on Figures 5.IV.3 through 5.IV.6, it is again observed that the lower the control level 
value setx  is, the lower the RMS acceleration response value and the higher the effectiveness 
of oller is, provided that the jet air pressure level  the contr jP
ectiv
 is kept sufficiently low. In 
genera ms, it is repeated the same pattern as in the resp e figures of all the previous 
multi-  harmonic base excitation cases. For the given control level values 
l ter
tome setx , a linear 
relation is observed between the RMS and MAX acceleration response values and the jet air 
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jP . It is verified again the presence of a ceiling jet air pressure value jP
aches th
 optim
pressure values , that 
if it is exc en this linearity tends to be violated and the controller effectiveness 
deteriorates which means that the RMS and MAX acceleration response value appro e 
uncontrolled ones.  
Additionally, the best controlled scenario corresponding to the lowest RMS and MAX values 
of acceleration response is shown on Tables 5.IV.3 through 5.IV.6, for each control level that 
is reported in Tables 5.IV.1 and 5.IV.2. From these tables it is observed that the al 
control level value 
eeded th
setx  is the lower value of ±0.1g. 
 
Table 5.IV.3: The lowest RMS acceleration response values and their percentage reduction 
ith respect to the uncontrolled scenario for excitation Case m
Case 
 
w
Lev
(g)
13 
Control 
el 
Hysteresis 
(g) 
tP  (bar) jP ar) cF  (N) RMS 
RMS
 (b Reduction 
(%) 
 
1 ±0.1 0.005 3 0.6 2.51 0.26 35 
2 ±0.5 0.005 6 1.5 6.28 0.30 25 
3 ±1.0 0.005 6 1.5 6.28 0.38 5 
 
Table 5.IV.4: The lowest MAX acceleration response values and their percentage reduction 
ith respect to the uncontrolled scenario for excitation Case m13 
Case 
 
Hysteresis 
(g) 
 (bar)
w
Control 
Level 
(g)
 (bar)  (N) MAX 
MAX 
Reduction 
(%) 
cFtP jP
1 ±0.1 0.005 4 0.9 3.77 0.79 35 
2 ±0.5 0.005 4 0.9 3.77 0.93 24 
3 ±1.0 0.005 2 0.35 1.46 1.17 4 
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Table 5.IV.5: The lowest RMS acceleration response values and their percentage reduction 
Case 
Control 
Level 
(g) 
Hysteresis 
tP  (bar) jP  (bar) cF  (N) RMS 
RMS 
Reduction 
with respect to the uncontrolled scenario for excitation Case m14 
(g) 
(%) 
1 ±0.1 0.005 6 1.5 6.28 0.54 33 
2 ±0.5 0.005 8 2.1 8.79 0.59 27 
3 ±1.0 0.005 8 2.1 8.79 0.65 20 
4 ±1.5 0.005 8 2.1 8.79 0.72 11 
5 ±2.0 0.005 9 2.4 10.05 0.78 4 
 
Table 5.IV.6 ction 
controlled scenario for excitation Case m14 
Case 
Control 
Level 
Hysteresis 
 (bar)  (bar)  (N) MAX Reduction 
: The low
with resp
est MAX acceleration response values and their percentage redu
MAX 
ect to the un
(g) 
(g) 
tP jP cF
(%) 
1 ±0.1 0.005 7 1.8 7.54 1.52 38 
2 ±0.5 0.005 8 2.1 8.79 1.51 39 
3 ±1.0 0.005 7 1.8 7.54 1.93 22 
4 ±1.5 0.005 8.5 2.2 9.21 2.10 15 
5 3 0.6 2.51 2.39 ±2.0 0.005 3 
 
Depending on the control level values setx  and the jet air pressure value jP , a 5% to 35% 
reduction in the RMS vibration levels can be achi  by th ose S in th citation 
Case m S response can be achieved for excitation Case 
m14. Additionally, a 4% to 35% reduction in th X vib  le an be a ieved by 
the proposed JPCS in the excitation Case m13 and similarly a 3% to 38% reduction in MAX 
vibration levels can be achieved for the excitation Case m14. 
For the excitation Case m13, the best performance of the controller, corresponding to 35% 
reduction of RMS acceleration response value, is achieved for control level ±0.1g with 
jet air pressure 0.6bar, and the respective one for the excitation Case m 4 corresponding 
to 33% reduction of RMS acceleration response value, is ach
±0.1g w ssure 1.5bar. 
eved e prop d JPC e ex
13, while a 4% to 33% reduction in RM
e MA ration vels c ch
setx 
1
ieved for control level 
jP 
ith jet air presetx  jP 
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F  
comparison of he best 
contro cenarios of each control level case reported in Table 5.IV.3. Figures 5.IV.7(b) 
through 5.IV.9(b sent a parison for the respective histograms obtained using a 
step equ to 0.1
 
or the multi-tone excitation Case m13, Figures 5.IV.7(a) through 5.IV.9(a) present a
ntrolled and controlled acceleration response time historie the unco
) pre
s for t
lled s
 similar com
al g. 
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Figure 5.IV.7: Comparison between control nd co
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(a) 
Figure 5.IV.8: Comparison between uncontrolled and con
(b) 
trolled vibration response of 
structure for control case 2 shown in Table 5.IV.3, (a) time histories, (b) histograms; 
excitation Case m13 
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Figure 5.IV.9: Comparison between uncontrolled and controlled vibration response of 
structure for control case 3 shown in Table 5.IV.3, (a) time histories, (b) histograms; 
excitation Case m13 
 
For the multi-tone excitation Case m14, Figures 5.IV.10(a) through 5.IV.14(a) present a 
comparison of the uncontrolled and controlled acceleration response time histories for the best 
controlled scenarios o
thro ing 
a ste
f each control level case reported in Table 5.IV.5. Figures 5.IV.10(b) 
ugh 5.IV.14(b) present a similar comparison for the respective histograms obtained us
p equal to 0.1g. 
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 Figure 5.IV.10: Comparison between uncontrolled and controlled vibration response of
structure for control case 1 shown in Table 5.IV.5, (a) time histories, (b) histograms; 
excitation Case m14 
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Figure 5.IV.11: Comparison between uncontrolled and controlled vibration response of 
structure for control case 2 shown in Table 5.IV.5, (a) time histories, (b) histograms; 
excitation Case m14 
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Figure 5.IV.12: Comparison between uncontrolled and controlled vibration response of 
structure for control case 3 shown in Table 5.IV.5, (a) time histories, (b) histograms; 
excitation Case m14 
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(a) (b) 
Figure 5.IV.13: Comparison between uncontrolled and controlled vibration response of 
structure for control case 4 shown in Table 5.IV.5, (a) time histories, (b) histograms; 
excitation Case m14 
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Figure 5.IV.14: Comparison between uncontrolled and controlled vibration response of 
ture for control case 5 shown in Table 5.IV.5 (a) time histories, (b) histograms; excita
Case m14 
struc tion 
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Chapter 6 
 
Control under earthquake excitations 
 
 
 
6.1 Introduction 
 
structure subjected to a series of earthqua tations is explored in this chapter. Three 
ifferent earthquake time histories are artificially generated using the well-known Kanai-
ajimi filter [Kanai (1957), Tajimi (1960)]. Each time history is selected to correspond to 
ifferent frequency bandwidth of the Kanai-Tajimi filter that contains the natural frequency 
The feasibility of using air jet pulses to actively control the vibrations of the laboratory 
ke-like exci
d
T
d
s  of the structure. In order to explore the effectiveness and limitations of the controller 
gainst earthquake excitations, the earthquake time histories are scaled to different amplitude 
ents are repeated with standard control level values. Evaluation of the 
paring the maximum (MAX) absolute value, the Root Mean 
S) value and the histograms of the acceleration response time histories between 
and controlled cases. 
ion 6.2, the method for generating artificial 
ake displacement time history is described. The jet pulse control effectiveness for the 
ed in Section 6.3 for three earthquake signals 
 The effect of earthquake excitation on the 
l effectiveness is investigated in Section 6.4. 
 Generation of artificial earthquake excitations 
bined Kanai-Tajimi and Clough-Penzien spectra are widely used to generate artificial 
ake excitation time histories with certain frequency content characteristics. The time 
ies generated are stationary and are multiplied by an appropriate envelop function in 
e-varying nonstationary characteristics observed in available 
acceleration records [Papadimitriou (1990)]. Specifically, the samples of the earthquake 
a
levels and the experim
present JPCS is based on com
Square (RM
the uncontrolled case 
This chapter is organised as follows. In Sect
earthqu
case of earthquake-like excitations is investigat
corresponding to different frequency content.
contro
 
 
6.2
 
The com
earthqu
histor
order to reflect the tim
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acceleration time history are generated by passing a white noise time history  through the 
anai Tajimi filter given by the second-order differential equation: 
)
( )w t
K
 
22 (g g gx x x w z w w+ + = t  (6.1) 
he ground acceleration is then given by: 
 
T
 
22g g g ga x xz w w=- -  (6.2) 
 
To correct the behaviour of the acceleration at the very low frequency range and make it 
consistent with observed accelerograms, the output acceleration from the Kanai-Tajimi filter 
is passed through the Clough-Penzien filter given by the second-order differential equation: 
 
2 22 2
 
c c g g gz z z x x w w z w w+ + =- -  (6.3) 
where z  is the final earthquake acceleration. The command displacement at the base of the 
shake table is ( )z t . Equation (6.2) is a high pass filter, passing frequencies higher than 
approximately c . The value of gw  controls the dominant frequency range of the earthquake 
excitation. The product g gz w  is a direct measure of the frequency range, around the dominant 
frequency g , that contributes significantly to the excitation. 
The output acceleration generated by the aforementioned formulation is stationary and is 
multiplied by the Saragoni and Hart (1974) envelop function: 
 
( ) exp( )bf t at ct= -  (6.4) 
 order to properly model in real earthquakes variation of the intensity of the acceleration.  
ation signal is generated in Matlab 
sing lsim.m and the state space formulation of the Equations (6.1) to (6.3) as given in 
 
in
For the purposes of the experiment, the earthquake acceler
u
Appendix 6.I. The values of the filter parameters are selected as follows: the dominant 
frequency g  is selected to be 2g  Hz, the value of the filter damping ratio gz  is selected 
to be 0.2gz = , and the corner frequency cw  is selected to be 0.1cw = Hz. The parameters of 
the envelope function are selected to be c=0.5, maxb t c= , and max100( / )ba e t= , where 
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max 10sect =  denotes the time at which the envelop function peaks. The expression max( / )be t  
is used to normalize the envelope function so that its maximum is 100 for the selec
. The envelope function is shown in Figure 6.1 for 
ake displacement 
ted values 
. The resulting of maxt  and c
earthqu
max( / )
ba e t=
time history is shown in Figure 6.2 and has duration 30 sec.  
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igure 6.1: Envelop function of the artificial acceleration 
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Figure 6.2: Command displacement time history at the shake table corresponding to the 
artificial earthquake 
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6.3 Jet
haker is obt
signal shown in Figure 6.2 after passing the displacement signal through a bandpass filter. 
lower cutoff frequencies, selected to investigate the effect of the excitation frequency content 
on the control effectiveness. The low cutoff frequencies are selected to be 0.5Hz, 1Hz and 
1.5Hz corresponding the earthquake excitations A, B and C, respectively. The high cutoff 
frequency should be selected to be significantly smaller that the higher frequency of the on/off 
valves. Specifically, the high cutoff frequency is selected to be 3.5 Hz for all three earthquake 
excitations. The base displacement time histories of the three different earthquake excitations 
are given in Figures 6.3 to 6.5. It should be noted that in all three excitation Cases, the 
fundamental frequency 
 pulse control effectiveness 
 
The command displacement time history at the electrodynamic s ained from the 
Three displacement time histories are generated corresponding to three different values of the 
2.39s  Hz of the structure is included in the dominant frequency 
content of the excitation signals.  
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Figure 6.3: Displacement time history for earthquake excitation Case A 
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Figure 6.4: Displacement time history for earthquake excitation Case B 
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Figure 6.5: Displacement time history for earthquake excitation Case C 
 
Next, the different earthquake excitation time histories are applied at the base of the structure 
and the feasibility of using air jet pulses to actively control the vibrations of the structure is 
explored. Results are first presented y 
of the main results are then given for the Cases B and C with more details included in 
Appendix 6.II. 
 
6.3.1 Earthquake excitation Case A 
 
For Case A, the command earthquake base excitation fed to the shaker has displacement time 
history shown in Figure 6.3. The corresponding command acceleration time history is shown 
in detail for the earthquake excitation Case A. A summar
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in Figure 6.6(a). This command excitation is kept the same for the uncontrolled and all the 
controlled excitation scenarios.  
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(a) (b) 
Figure 6.6: Measured acceleration time history for earthquake Case A (a) on the shaker, (b) at 
the top of the structure for the uncontrolled case  
 
Figure 6.6(b) shows the acceleration response time history measured by the acceleration 
sensor at the top of the structure for the uncontrolled case. According to the uncontrolled 
structural response time history, the acceleration peak values reach about ±1.7g. Thus it is 
decided to apply the control algorithm for five different control levels equal to ±0.01g, ±0.1g, 
±0.2g, ±0.5g and ±1.0g. For all control level the hysteresis value is selected to be 0.005 g. The 
5 different control combinations are reported in Table 6.1. For each control level, a parametric 
study is performed to study the effectiveness of the jet pulse control for nine different jet air 
pressure values  shown on Table 5.1, resulting in 45 different control scenarios. 
 
Table 6.1: Control combinations for earthquake Case A 
jP
Case 
Control 
Level 
(g) 
Hysteresis 
(g) 
1 ±0.01 0.005 
2 ±0.1 0.005 
3 ±0.2 0.005 
4 ±0.5 0.005 
5 ±1.0 0.005 
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Results for the RMS and MAX values of the acceleration response at the top of the structure 
as a function of the jet air p jPressure values  are presented in Figures 6.7 and 6.8, 
spectively, for different control level values setxre  and for constant hysteresis value equals to 
0.005g.  
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Figure 6.7: RMS values of acceleration response versus jet air pressure values jP  for different 
control level values setx ; earthquake Case A 
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Based on the results in Figures 6.7 and 6.8, it becomes clear that the effectiveness of the jet 
pulse control depends on the control level setx  and the jet air pressure values jP . For 
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sufficiently low control level values setx , as the value of the jet air pressure jP  increases, the 
RMS and MAX acceleration response of the stru ure reduces. Specifically, for fixed control 
level, a linear relation is observed between the RMS or MAX acceleration response and the 
jet air press
ct
ure jP
l leve
for high values of the jet air pres
6.7 and 6.8) has the undesirable 
uncontrolled vibrations. In additi
 also de
e that exceed
 vib
ely la
available during the experim
 anticipa
would have resulted in higher 
ing to th
. The optimal control level value depends on the jet air pr alue used. 
igh contro l values in relatio  to the intensity of the vibrations e control 
system ineffective. This can be seen with the low control level 
sure in the range of approximate
eff  increasing the vibrations to leve gher than the 
on, for high enough jet air pressures, the effectiveness of the 
controller is teriorated, independent of the values of the control level. This is due partly 
to the fact that the force ma controlled by the hardwa plemented 
control system and partly to the tim in applying or removing the command jet pulse 
force on the structure. These limitations of the hardware are responsible for the 
ineffectiveness of the jet pulse contr s a result, high jet air pressures inf igh forces in 
the structur  the required m gnitude of the forces
ctur
higher than the ration
 remedy that will improve the behavior of the jet pulse control actions in suppressing further 
these relativ rge vibrations is to also control the intensity of the forces exerted during the 
on/off action of the valves. However, this requires variable orifice valves which were not 
ent. In addition, variable orif
changes in the algorithm used to control the gap size to be left open during the action of the 
valves. It is ted that hardw apabilities including variable orifice control valves 
vibration reduction levels.  
To further demonstrate the effectiveness of the JPCS, the best controlled scenario 
correspond e lo es of acceleration response is shown on 
Tables 6.2 and 6.3, respectiv trol level that is reported in Table 6.1. From 
these tables it is observed that the o al control level values are the intermediate values of 
±0.1g and ±0.2g, while sm 01g are more effective as the jet air pressure 
increases. 
essure v
 render th
values for which the controller 
ly 2 to 2.5 bars (see Figures 
ls hi
re of the im
lict h
 for controlling the vibrations. 
ice valves require significant 
H n
ect of
gnitude cannot be 
e delay 
ol. A
a
are c
west RMS and MAX valu
ely, for each con
ptim
aller values of ±0.
Instead these high forces are responsible for increasing the vibration of the stru e to levels 
 levels of the uncontrolled structure. 
A
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Table 6.2: The lowest RMS acceleration response values and their percentage reduction with 
Case 
Control 
Level 
) 
Hysteresis 
(g) 
tP  (bar) jP  (bar) cF  (N) RMS 
RMS 
Reduction 
(%) 
respect to the uncontrolled scenario for earthquake Case A 
(g
1 ±0.01 0.005 5 1.2 5.02 0.31 21 
2 ±0.1 0.005 3 0.6 2.51 0.31 21 
3 ±0.2 0.005 3 0.6 2.51 0.31 21 
4 ±0.5 0.005 9 2.4 10.05 0.26 33 
5 ±1.0 0.005 8 2.1 8.79 0.33 15 
 
Table 6.3: The lowest MAX acceleration response values and their percentage reduction with 
respect to the uncontrolled scenario for earthquake Case A 
Case 
Control 
Level 
(g) 
Hysteresis 
(g) 
tP  (bar) jP  (bar) cF  (N) MAX 
MAX 
Reduction 
(%) 
1 ±0.01 0.005 7 1.8 7.54 1.30 27 
2 ±0.1 0.005 7 1.8 7.54 1.17 34 
3 ±0.2 0.005 6 1.5 6.28 1.22 31 
4 ±0.5 0.005 8 2.1 8.79 1.23 31 
5 ±1.0 0.005 8 2.1 8.79 1.54 13 
 
Overall it can be stated that a 15% to 33% reduction in the RMS and 13% to 34% reduction in 
the MAX of the vibration levels can be achieved by the proposed jet pulse control system, 
depending on the control level and the jet air pressure used. For the excitation Case A, the 
best performance of the controller, corresponding to 33% reduction of RMS acceleration 
response value, is achieved for control level ±0.5g with jet air pressure 2.4jP  bar. 
Figures 6.9(a) through 6.13(a) present a comparison of the uncontrolled and controlled 
structural response time histories for the best controlled scenario of each control level case 
reported in Table 6.2. Figures 6.9(b) through 6.13(b) present a similar comparison for the 
histograms. 
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Figure : Co son b  uncontrolled and controlled vibration response of structure 
for control case 1 shown in Table 6.2, (a) time histories, (b) histograms; earthquake Case A 
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for control case 2 shown in Table 6.2, (a) time histories, (b) histograms; earthquake Case A 
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(a)         (b) 
Figure 6.11: Comparison between uncontrolled and controlled vibration response of structure 
for control case 3 shown in Table 6.2, (a) time histories, (b) histograms; earthquake Case A 
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Figure 6.12: Comparison between uncontrolled and controlled vibration response of structure 
for control case 4 shown in Table 6.2, (a) time histories, (b) histograms; earthquake Case A 
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Figure 6.13: Comparison between uncontrolled and controlled vibration response of structure 
for control case 5 shown in Table 6.2, (a) time histories, (b) histograms; earthquake Case A 
 
6.3.2 Earthquake excitation Cases B and C 
 
Next, similar results are summarized for the excitation Cases B and C. The command 
displacement time histories fed to the shaker for the Cases B and C are shown in Figures 6.4 
and 6.5, respectively. The corresponding command acceleration time histories are shown in 
Figures 6.14(a) and 6.15(a), respectively. Figures 6.14(b) and 6.15(b) show the uncontrolled 
acceleration response time history measured by the acceleration sensor at the top of the 
structure for Cases B and C, respectively. Results are presented for same control levels as 
those used in the eart  are chosen  
value is selected to be 0.005g.  
 
hquake excitation Case A. Specifically, the control levels to
be equal to ±0.01g, ±0.1g, ±0.2g, ±0.5g and ±1.0g. For all the control levels the hysteresis 
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(a)         (b) 
Figure 6.14: Measured acceleration time history for earthquake Case B (a) on the shaker, (b) 
at the top of the structure for the uncontrolled case  
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(a)         (b) 
Figure 6.15: Measured acceleration time history for earthquake Case C (a) on the shaker, (b) 
at the top of the structure for the uncontrolled case  
 
For Case B, results for the RMS and MAX values of the acceleration response at the top of 
e structure as a function of the jet air pressure values jP  are presented in Figures 6.16 and th
6.17, respectively, for different control level values setx . Similar results for Case C are 
presented in Figures 6.18 and 6.19. The best controlled scenarios corresponding to the lowest 
RMS and MAX values of the structural response are shown on Tables 6.4 through 6.7 for 
each control level and for both Cases B and C. For both excitation Cases B and C, a 
comparison of the uncontrolled and controlled vibration levels for the best controlled 
scenarios of each control level case are presented in Appendix 6.II. These comparisons 
include the time histories and the respective histograms.  
It is observed for Cases B and C that the jet pulse control is also effective. The reduction of 
e RMS vibration levels is of the order of 29% and 27% for the Cases B and C, respectively. th
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Comparing the results for Cases A, B and C, it can be concluded that the effectiveness of the 
controller depends on the frequency content of the excitations. In general, as in excitation 
Case A, the effectiveness of the controller depends on the control level and the jet air 
pressures. The comparison in the figures presented in Appendix 6.II show a significant 
reduction of vibrations over the duration of the response, confirming the effectiveness of the 
designed jet pulse control system. 
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Figure 6.16: RMS values of acceleration response versus jet air pressure values  for 
different control level values 
jP
setx ; earthquake Case B 
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Figure 6.17: MAX values of acceleration response versus jet air pressure values jP  for 
different control level values setx ; earthquake Case B 
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Figure 6.18: RMS values of acceleration response versus jet air pressure values jP  for 
different control level values setx ; earthquake Case C 
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Figure 6.19: MAX values of acceleration response versus jet air pressure values jP  for 
different control level values setx ; earthquake Case C 
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Table 6.4: The lowest RMS acceleration response values and their percentage reduction with 
respect to the uncontrolled scenario for earthquake Case B 
Case 
Control 
Level 
(g) 
Hysteresis 
(g) 
 (bar)  (bar)  (N) RMS 
RMS 
Reduction 
(%) 
tP jP cF
1 ±0.01 0.005 4 0.9 3.77 0.31 18 
2 ±0.1 0.005 4 0.9 3.77 0.30 21 
3 ±0.2 0.005 4 0.9 3.77 0.31 18 
4 ±0.5 0.005 6 1.5 6.28 0.27 29 
5 ±1.0 0.005 9 2.4 10.05 0.31 18 
 
 
Table 6.5: The lowe  va
respect to the uncontrolled scenario for earthquake Case B 
Case 
Control 
Level 
(g) 
Hysteresis 
(g) 
 (bar)  (bar)  (N) MAX 
MAX 
Reduction 
(%) 
st MAX acceleration response lues and their percentage reduction with 
tP jP cF
1 ±0.01 0.005 7 1.8 7.54 1.30 26 
2 ±0.1 0.005 7 1.8 7.54 1.35 24 
3 ±0.2 0.005 6 1.5 6.28 1.25 29 
4 ±0.5 0.005 6 1.5 6.28 1.16 34 
5 ±1.0 0.005 9 2.4 10.05 1.46 18 
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Table 6.6: The lowest RMS acceleration response values and their percentage reduction with 
respect to the uncontrolled scenario for earthquake Case C 
Case 
Control 
Level 
(g) 
Hysteresis 
(g) 
jP  (bar) tP cF (bar)  (N) RMS 
RMS 
Reduction 
(%) 
1 ±0.01 0.005 4 0.9 3.77 0.30 19 
2 ±0.1 0.005 3 0.6 2.51 0.31 16 
3 ±0.2 0.005 4 0.9 3.77 0.29 22 
4 ±0.5 0.005 6 1.5 6.28 0.27 27 
5 ±1.0 0.005 6 1.5 6.28 0.33 11 
 
Table 6.7: The lowest MAX acceleration response values and their percentage reduction with 
Case  (bar)  (bar)  (N) MAX Reduction 
respect to the uncontrolled scenario for earthquake Case C 
Control 
Hysteresis 
MAX 
tP jP cFLevel 
(g) 
(g) 
(%) 
1 ±0.01 0.005 8.5 2.2 9.21 1.30 25 
2 ±0.1 0.005 6 1.5 6.28 1.35 22 
3 ±0.2 0.005 6 1.5 6.28 1.25 28 
4 ±0.5 0.005 7 1.8 7.54 1.16 33 
5 ±1.0 0.005 4 0.9 3.77 1.51 13 
 
 
6.4 Effect of earthquake excitation intensity on control effectiveness 
 
Next the control level is kept constant, equal to ±0.5g, and the effectiveness of the controller 
is investigated for three different intensities of the earthquake excitation Case A. One of the 
excitation is the one shown in Figure 6.3 and the other two are obtained by scaling the 
intensity of the excitation in Figure 6.3 by scaling factors 0.7 and 0.4. These three base 
displacements are fed to the shaker as the command displacements. In the study that follows, 
the three base excitations are referred to as high amplitude (h.a), medium amplitude (m.a.) 
and low amplitude (l.a.) base accelerations corresponding to scaling factors 1.0, 0.7 and 0.4, 
respectively. The corresponding acceleration time history measured at the shake table for the 
h.a., m.a and l.a scaled excitations are shown in Figures 6.6(a), 6.20(a) and 6.21(a). The 
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corresponding uncontrolled vibration levels of the structure are shown in Figures 6.6(b) 
6
 
.20(b) and 6.21(b) for the h.a., m.a. and l.a. cases, respectively. 
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Figure 6.21: Measured acceleration time history for low amplitude earthquake Case A (a) on 
the shaker, (b) at the top of the structure for the uncontrolled case 
(a)        (b) 
 
The study explores the effectiveness of the controller for various intensity levels of the 
excitation with respect to the control level value ±0.5g, pre-selected to control the vibrations 
of the structure. Results for the RMS and MAX values of the acceleration response at the top 
of the structure as a function of the jet air pressure values jP  are presented in Figures 6.22 and 
6.23, respectively, for the three different excitation intensities. The best controlled scenario 
corresponding to the lowest RMS and MAX values of acceleration response is shown on 
Tables 6.8 and 6.9, respectively.  
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Figure 6.22: RMS values of acceleration response versus jet air pressure values jP  for every
s uake Case A with constant control level equal to ±0.5g 
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caled earthquake Case A with constant control level equal to ±0.5gs  
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Table 6.8: The lowest RMS acceleration response values and their percentage reduction with 
respect to the uncontrolled scenario for every scaled earthquake Case A 
Earthquake 
Case A 
Control 
(g) 
Hysteresis 
(g) 
tP  (bar) jP  (bar) cF  (N) 
RMS 
(%) 
RMS Reduction 
h.a. ±0.5 0.005 9 2.4 10.05 0.26 33 
m.a. ±0.5 0.005 4 0.9 3.77 0.21 19 
l.a. ±0.5 0.005 4 0.9 3.77 0.14 12 
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Table 6.9: The lowest MAX acceleration response values and their percentage reduction with 
respect to the uncontrolled scenario for every scaled earthquake Case A 
Earthquake 
Case A 
Control 
Level 
(g) 
Hysteresis 
(g) 
 (bar)  (bar)  (N) MAX 
MAX 
Reduction 
(%) 
tP jP cF
h.a. ±0.5 0.005 8 2.1 8.79 1.23 31 
m.a. ±0.5 0.005 5 1.2 5.02 0.99 20 
l.a. ±0.5 0.005 3 0.6 2.51 0.75 1 
 
It becomes clear that the effectiveness of the jet pulse control depends on the intensity of the 
e ss  
For sufficien oller is less 
ffective since it is activated when vibration levels have reached values close to the maximum 
vibration levels. The higher effectiveness is achieved for the higher intensity levels 
corresponding to the case h.a. as shown in Figures 6.22-6.23 and Tables 6.8-6.9. 
Figures 6.12(a), 6.24(a) and 6.25(a) present a comparison of the uncontrolled and controlled 
response time histories for the best controlled scenario of every scaled earthquake Case A 
reported in Table 6.8. Figures 6.12(b), 6.24(b) and 6.25(b) present a similar comparison for 
the histograms obtained using a step equal to 0.1g. 
From the results in Table 6.8 it is expected that for earthquakes with intensity higher than the 
one corresponding to h.a. case, the controller will be more effective in reducing the vibrations 
levels to values higher than 33%. However, such experiments with high intensity levels of the 
base displacement cannot be performed because the displacement of the table approaches the 
m
impact the fr
imilar results for the excitation Cases B and C are presented in Appendix 6.III. These results 
a
xcitation in relation to the control level value. Also it depends on the jet air pre ure values.
tly low intensity levels in relation to the control level, the contr
e
aximum displacement limits of the electrodynamic shaker, causing the sliding table to 
ame boundaries.  
S
lso support the conclusions derived for the excitation Case A.  
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(a)         (b) 
Figure 6.24: Comparison between uncontrolled and controlled vibration response of structure 
for medium amplitude earthquake Case A shown in Table 6.8, (a) time histories, (b) 
histograms 
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(a)          (b) 
Figure 6.25: Comparison between uncontrolled and controlled vibration response of structure 
for low amplitude earthquake Case A shown in Table 6.8, (a) time histories, (b) histograms 
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Appendix   6.I: State space formulation 
 
The system of Equations (6.1) to (6.3) is solved numerically in Matlab by converting the 
second-order differential equations in state space form. Introducing the state vector 
 
x
x
X
z
z
é ùê úê úê ú= ê úê úê úë û


 (6.I.1) 
the s
 
 
tate space system becomes  
( ) ( ) ( )X t AX t Bw t= +  (6.I.2) 
 
where the matrices A , B  and  are given by  
 
C
2
2 2
0 1 0 0
2 0 0
0 0 0 1
2 2
g g g
g g g c c
A
w z w
w z w w w
é ùê úê ú- -ê ú= ê úê úê ú- - - -ê úë û
 (6.I.3) 
 
 (6.I.4) 
nd 
0é ùê úê ú1
0
0
B ê ú= ê úê úê úë û
 
a
 
2 2
0 0 1 0
2 2g g g c cw z w w w
é ùê ú= ê ú- - - -ë û
C  (6.I.5) 
he observation equation for the displacement  and acceleration  is given by  
 
( )z t ( )z tT
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z
Y CX
é ùê ú= =  (6.I.6) 
zê úë û
 
The state space formulation is used to obtain in Matlab the acceleration and displacement time 
istories. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
h
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Appendix   6.II: Uncontrolled and controlled accelerations for excitation Cases B and C 
 
or the earthquake excitation Case B, the Figures 6.II.1(a) through 6.II.5(a) present a 
f each control level case reported in Table 6.4. Figures 6.II.1(b) through 6.II.5(b) 
resent a similar comparison for the respective histograms obtained using a step equal to 0.1g.  
F
comparison of the uncontrolled and controlled response time histories for the best controlled 
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(a)         (b) 
igure 6.II.1: Comparison between uncontrolled and controlled vibration response of structure 
for control case 1 shown in Table 6.4, (a) time histories, (b) histograms; earthquake Case B 
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(a)         (b) 
igure 6.II.2: Comparison between uncontrolled and controlled vibration response of structure 
for control case 2 shown in Table 6.4, (a) time histories, (b) histograms; earthquake Case B 
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(a)         (b) 
Figure 6.II.3: Comparison between uncontrolled and controlled vibration response of structure 
for control case 3 shown in Table 6.4, (a) time histories, (b) histograms; earthquake Case B 
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(a)         (b) 
Figure 6.II.4: Comparison between uncontrolled and controlled vibration response of structure 
for control case 4 shown in Table 6.4, (a) time histories, (b) histograms; earthquake Case B 
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(a)         (b) 
Figure 6.II.5: Comparison between uncontrolled and controlled vibration response of structure 
for control case 5 shown in Table 6.4, (a) time histories, (b) histograms; earthquake Case B 
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For the excitation Case C, the Figures 6.II.6(a) through 6.II.10(a) present a comparison of the 
uncontrolled and controlled response time histories for the best controlled scenario of each 
control level case reported in Table 6.6. Figures 6.II.6(b) through 6.II.10(b) present a similar 
comparison for the respective histograms obtained using a step equal to 0.1g.  
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(a)         (b) 
Figure 6.II.6: Comparison between uncontrolled and controlled vibration response of structure 
for control case 1 shown in Table 6.6, (a) time histories, (b) histograms; earthquake Case C 
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(a)         (b) 
Figure 6.II.7: Comparison between uncontrolled and controlled vibration response of structure 
for control case 2 shown in Table 6.6, (a) time histories, (b) histograms; earthquake Case C 
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(a)         (b) 
Figure 6.II.8: Comparison between uncontrolled and controlled vibration response of structure 
for control case 3 shown in Table 6.6, (a) time histories, (b) histograms; earthquake Case C 
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(a)         (b) 
Figure 6.II.9: Comparison between uncontrolled and controlled vibration response of structure 
for control case 4 shown in Table 6.6, (a) time histories, (b) histograms; earthquake Case C 
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(a)         (b) 
Figure 6.II.10: Comparison between uncontrolled and controlled vibration response of 
structure for control case 5 shown in Table 6.6, (a) time histories, (b) histograms; earthquake 
Case C 
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For the earthquake excitation Cases B and C, the control level is kept constant, equal to ±0.5g, 
and the effectiveness of the controller is investigated for three different intensities. One of the 
excitation for the earthquake excitation Case B is the one shown in Figure 6.4 and the other 
two are obtained by scaling the intensity of the excitation in Figure 6.4 using scaling factors 
0.7 and 0.4. These three base displacements are fed to the shaker as the command 
displacements. In a similar way, for the earthquake excitation Case C, the first excitation is 
the one shown in Fig tensity of the 
In the study that follows, the three base excita ons for both the excitation Cases B and C are 
referred to as high amplitude (h.a), medium amplitude (m.a.) and low amplitude (l.a.) base 
accelerations, depending on the intensity of the excitation. The corresponding acceleration 
time history measured at the shake table for the scaled h.a., m.a and l.a scaled excitations are 
shown in Figures 6.14(a), 6.III.1(a) and 6.III.2(a) as well as the corresponding uncontrolled 
vibration levels of the structure are shown in Figures 6.14(b), 6.III.1(b) and 6.III.2(b) for the 
h.a., m.a. and l.a. cases, respectively, for the excitation Case B. Next, similar results are 
summarized for the excitation Case C which are shown in Figures 6.15, 6.III.3 and 6.III.4. 
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(a)         (b) 
Figure 6.III.1: Measured acceleration time history for medium amplitude earthquake Case B 
(a) on the shaker, (b) at the top of the structure for the uncontrolled case 
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(a)         (b) 
Figure 6.III.2: Measured acceleration time history for low amplitude earthquake Case B (a) on 
the shaker, (b) at the top of the structure for the uncontrolled case 
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(a)         (b) 
Figure 6.III.3: Measured acceleration time history for medium amplitude earthquake Case C 
(a) on the shaker, (b) at the top of the structure for the uncontrolled case 
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(a)         (b) 
Figure 6.III.4: Measured acceleration time history for low amplitude earthquake Case C (a) on 
the shaker, (b) at the top of the structure for the uncontrolled case 
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Results for the RMS and MAX values of the acceleration response at the top of the structure 
as a function of the jet air pressure values jP  are presented in Figures 6.III.5 and 6.III.6, 
respectively, for the three different excitation intensities for Case B. The respective results for 
the earthquake excitation Case C are presented in Figures 6.III.7 and 6.III.8. The best 
controlled scenarios corresponding to the lowest RMS and MAX values of acceleration 
response are shown on Tables 6.III.1 through 6.III.4, respectively, for both Cases B and C. 
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Figure 6.III.5: RMS values of acceleration response versus jet air pressure values  for every 
scaled earthquake Case B with constant control level equal to ±0.5g 
jP
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Figure 6.III.6: MA sure values  for 
 
jPX values of acceleration response versus jet air pres
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Figure 6.III.7: RMS values of acceleration response versus jet air pressure values jP  for every 
scaled earthquake Case C with constant control level equal to ±0.5g 
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Figure 6.III.8: MAX values of acceleration response versus jet air pressure values  for 
every scaled earthquake Case C with constant control level equal to ±0.5g 
 
Table 6.III.1: The lowest RMS acceleration response values and their percentage reduction 
with respect to the uncontrolled scenario for every scaled earthquake Case B 
Earthquake 
Case B 
Control 
Level 
(g) 
Hysteresis 
(g) 
 (bar)  (bar)  (N) RMS 
RMS 
Reduction 
(%) 
jP
tP jP cF
h.a. ±0.5 0.005 6 1.5 6.28 0.27 2  9
m.a. ±0.5 0.005 4 0.9 3.77 0.21 19 
l.a. ±0.5 0.005 4 0.9 3.77 0.15 6 
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Table 6.III.2: The lowest MAX acceleration response values and their percentage reduction 
with respect to the uncontrolled scenario for every scaled earthquake Case B 
Earthquake 
Case B 
Control 
Level 
(g) 
Hysteresis 
(g) 
 (bar)  (bar)  (N) MAX 
MAX 
Reduction 
(%) 
tP jP cF
h.a. ±0.5 0.005 6 1.5 6.28 1.16 34 
m.a. ±0.5 0.005 5 1.2 5.02 0.91 25 
l.a. ±0.5 0.005 2 0.35 1.46 0.72 5 
 
Table 6.III.3: The lowest RMS acceleration response values and their percentage reduction 
with respect to the uncontrolled scenario for every scaled earthquake Case C 
Case C 
Control 
(g) 
Earthquake 
Level 
Hysteresis 
(g) 
tP  (bar) jP  (bar) cF  (N) RMS Reduction 
RMS 
(%) 
h.a. ±0.5 0.005 6 1.5 6.28 0.27 27 
m.a. ±0.5 0.005 6 1.5 6.28 0.21 22 
l.a. ±0.5 0.005 4 0.9 3.77 0.15 12 
 
Table 6.III.4: The lowest MAX acceleration response values and their percentage reduction 
with respect to the uncontrolled scenario for every scaled earthquake Case C 
Earthquake 
Case C 
Control 
Level 
(g) 
Hysteresis 
(g) 
 (bar)  (bar)  (N) MAX 
MAX 
Reduction 
(%) 
cFtP jP
h.a. ±0.5 0.005 7 1.8 7.54 1.16 33 
m.a. ±0.5 0.005 6 1.5 6.28 1.00 22 
l.a. ±0.5 0.005 2 0.35 1.46 0.70 1  3
 
ecomes again clear that the effectiveness of the jet pulse control depends not only on the 
intens e 
values. For suff o  levels in relation to the control level, the c er is 
less  activated when vibration levels have e s e 
maximum vibration levels. The higher effectiveness is achieved for the higher inten evels 
corresponding to the case h.a. as shown in Figures 6.III.5 through 6.III.8 and Tables 6.III.1 
through 6.III.4. 
It b
ity of the excitation in relation to the control level value, but also on the jet air pressur
iciently l w intensity ontroll
 close to th
sity l
effective since it is reach d value
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F  
controlle aled 
ea se o le Figu II.4(b I n b) 
prese ilar comparison for the histograms obtained using a step equal to 0.1g. The 
respec igures ery s arthquake Case C as reported in Table 6.III.3, are shown in 
Figures 6.II.9, 6.III.11 and 6.III.12. 
The com ison in these figures shows the reduction of vibrations over the time history of 
le intensity vibration levels, confi ng the tiven  th igned  pulse 
contro
 
igures 6.II.4(a), 6.III.9(a) and 6.III.10(a) present a comparison of the uncontrolled and
d accele sponse time histories for the best controlled scenario of eration re
 B rep
very sc
d 6.III.10(rthquake Ca
nt a sim
rted in Tab 6.III.1. res 6. ), 6.I I.9(b) a
tive f  of ev caled e
par
variab rmi  effec ess of e des jet
l system. 
0 5 10 15 20 25 30
-2
-1.5
-1
-0.5
0
0.5
1
1.5
2
ac
ce
le
ra
tio
n 
(g
)
ruTime History of st cture response
 
unco
time (s)
 
ntro spolled structure re nse, RMS=0.26
controlle se, Pt=4 9bar, RMS=0.2d structure respon bar, Pj=0. 1
-1.5 -1 -0.5 0 0.5 1 1.5
0
3000
500
1000
1500
2000
2500
N
Histogram of structure response
 
uncontrolled s ponstructure res e, RMS=0.26
controlled stru nse .9bcture respo , Pt=4bar, Pj=0 ar, RMS=0.21
acceleration (g)
 
 
a en uncontrolled and controlled vibration response of 
struc r me mplit  earthqu  in Ta .1 m  
(b) histograms 
 
(a)
.9: Comp
dium a
       (b) 
Figure 6.III
ture fo
rison betwe
ude ake Case B shown ble 6 0, (a) ti e histories,
0 5 10 15 20 25 30
-1.5
-1
-0.5
0
0.5
1
1.5
n 
(g
)
 structurTime History of e response
 Histogram of
time (s)
ac
ce
le
ra
tio
 
uncontro esponselled structure r , RMS=0.16
controlle sponse, Pt bar, RMS=0.15d structure re =4bar, Pj=0.9
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
0
500
1000
1500
2000
2500
3000
 structu
 
re response
uncontroll responsed structure e, RMS=0.16
controlled ponse, j 0.9bar, RMstructure res  Pt=4bar, P = S=0.15
acceleration (g)
N
 
 
(a)       (b) 
Figure 6.III.10: Comparison between uncontrolled and controlled vibration response of 
structure for low amplitude earthquake Case B shown in Table 6.10, (a) time histories, (b) 
histograms 
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(a)       (b) 
Figure 6.III.11: Comparison between uncontrolled and controlled vibration response of 
structure for medium amplitude earthquake Case C shown in Table 6.12, (a) time histories, 
(b) histograms 
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(a)       (b) 
Figure 6.III.12: Comparison between uncontrolled and controlled vibration response of 
structure for low amplitude earthquake Case C shown in Table 6.12, (a) time histories, (b) 
histograms 
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Chapter 7 
 
Conclusions and future work 
 
 
 
7.1 Conclusions 
 
In t ns 
o  
xcitations was explored. This work has been motivated by existing theoretical and very 
limited experimental studies demonstrating the effectiveness of optimal pulse control on 
flexible structures under harmonic base excitations. 
A laboratory experiment has been built to control the vibrations of a structure that is 
represented by a flexible vertical beam with a mass attached on the top free end, while the 
other end is attached to a shake table. A pair of opposite jets has been attached to the free end 
of the structure and pressurized air flow controlled by on-off solenoid electro-valves provides 
the actuating forces according to the acceleration measurements of the structure and the shake 
table. A bounded state control algorithm was explored for its effectiveness in suppressing the 
vibrations of the stru e effectivenes
and as 
prom
pecifically, a parametric study was considered in this thesis to investigate the effect of air 
ressure, control level and characteristics of the base excitations on the reduction of vibration 
vels. A summary of the main issues affecting the effectiveness of the controller and the 
sults obtained is next presented.  
he effectiveness of the jet pulse controller is affected by the time delay between the time the 
ommand is given by the software to open the valves and the time instant on which the 
sponse of the hydraulic system reaches the desirable level. This time delay has been reduced 
to approximately 0.05 seconds. Taking into account the time delay from all the hardware and 
software components of the experimental system, this time delay is considered to be a fairly 
good value. Both the non-zero time delay and the form of the gradual build up or reduction of 
pressure during activation or de-activation of the valves have to be kept in mind when 
he present thesis, the feasibility of using fluid jet pulses to actively control the vibratio
f simple flexible structures subjected to harmonic, periodic and earthquake induced base
e
cture. The experimental results clearly demonstrated th s 
 reliability of jet pulse control systems. Jet pulse control systems are thus considered 
ising control devices for reducing the vibration levels of flexible structures.  
S
p
le
re
T
c
re
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evaluating the effectiveness of the controller. It is expected that smaller time delays and 
igher respond times will improve the effectiveness of the controller. 
dic and earthquake excitations, the following 
 that the lower the control level value is, the 
igher the effectiveness of the controller, provided that the jets air pressure levels are kept 
ufficiently small. For sufficiently low control level values, as the value of the jet air pressure 
creases, the root mean square (RMS) and the maximum (MAX) of the acceleration response 
pecifically, for low and medium control level values, a linear 
lation is observed between the RMS acceleration response and the jet air pressure values. 
fective. In particular, high enough values 
AX of the 
ations, a reduction up to 33% for the RMS acceleration 
h
Based on the experiments for harmonic, perio
conclusions can be made. First, it was observed
h
s
in
of the structure reduces. S
re
There is a ceiling jet air pressure value that if it is exceeded then the controller effectiveness 
deteriorates resulting in higher RMS acceleration response values than the respective 
uncontrolled ones. The optimal control level value depends on the jet air pressure value used. 
For high control level values in relation to the intensity of the vibrations and for high enough 
jet air pressures, the control system becomes less ef
of the jet air pressure may increase the vibrations to levels higher than the uncontrolled 
vibrations. A remedy that will improve the behavior of the jet pulse control actions in 
suppressing further these relatively large vibrations is to also control the intensity of the 
forces exerted during the on/off action of the valves.  
The variation of MAX of the acceleration response with respect to jet air pressure does not 
follow the same trend as the variation of the RMS of the response. This is due to isolated 
larger peaks that may appear in the response time histories. These isolated peaks do not 
significantly affect the RMS values. For high enough jet air pressures, the MAX acceleration 
response is increased and the effectiveness of the controller to reduce the M
response is deteriorated, independent of the values of the control level.  
From the harmonic and periodic excitations, it is concluded that using the present jet pulse 
control system it is possible to achieve an approximately 50% reduction of RMS acceleration 
response. For the earthquake excit
response was achieved. However, the lower 33% reduction in vibration levels was mostly due 
to the hardware limitations in that higher excitation levels could not be generated by the shake 
table. Experiments with higher intensity levels of the base displacement cannot be performed 
because the displacement of the table approaches the maximum displacement limits of the 
electrodynamic shaker, causing the sliding table to impact the frame boundaries. It is 
anticipated that the controller will be more effective for higher excitation levels. Finally, the 
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effectiveness of the controller in the earthquake excitation cases depends also on the 
frequency content of the excitations.  
Summarizing, the effectiveness of the controller depends on the level of the response in 
relation to the control level used and the control force that the jet pulses are capable of 
applying on the structure.  
Certain hardware limitations exist that are partly due to the fact that the force magnitude of 
the jet pulses cannot be efficiently controlled by the hardware of the implemented control 
system and partly to the time delay in applying or removing the command jet pulse force on 
the structure. These limitations of the hardware are responsible for the ineffectiveness of the 
jet pulse control. However, to further improve the effectiveness of the controller, one requires 
to use variable orifice valves which were not available during the present experiment. In 
addition, variable orifice valves require significant changes in the algorithm used to control 
the gap size to be left open during the action of the valves. It is anticipated that hardware 
capabilities including variable orifice control valves will result in higher vibration reduction 
levels.  
Finally, it should be noted that the jet pulses can be used as actuating mechanisms for modal 
identification purposes. Specifically, the jet pulses can be used as excitation sources to actuate 
the structure. Using output-only acceleration response measurements provided by acceleration 
equipment such as the shake table and the sensors.  
sensors, or even input pressure measurements provided by the pressure sensors located at the 
jets and output measurements provided by acceleration sensors, the modal characteristics of 
the structure can be identified using available modal identification methods and software.  
 
 
7.2 Future work 
 
Based on the results of this thesis, the effectiveness of the jet pulse control system was limited 
by the experimental equipment available. Results also indicate that higher than 50% reduction 
of the vibration levels are possible to be obtained in the future with improved experimental 
equipment. In particular, an immediate direction for future work is to repeat the experiments 
using different fluids like water or inert gases. The water has 1000 times higher density than 
the air and it is expected to significantly improve the effectiveness of the jet pulse control 
system. The use of water is also a challenging problem since water jets require special 
modifications of the experimental apparatus to guarantee the full protection of the delicate 
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An alternative remedy that will also improve the behavior of the jet pulse control actions in 
suppressing further the vibrations of the structure is to also control the magnitude of the 
in the algorithm used to control the gap size to be left open during 
e and equipment.  
dal 
haracteristics using the vibration measurements. It is worth exploring further this new idea 
y designing appropriate experiments on more complicating structures and identifying the 
lity of such excitation sources. It is hoped that jet pulses can be 
sed in this context as active devices for continually monitoring the health of the structure for 
forces applied during the on/off action of the valves. However, this requires variable orifice 
valves which were not available during the experiment. In addition, variable orifice valves 
require significant changes 
the action of the valves. It is anticipated that hardware capabilities including variable orifice 
control valves will result in higher vibration reduction levels.  
The successful experiments on the very simple structure carried out in this thesis are very 
promising for extending the use of jet pulse control systems to more complicated structures 
such as light metallic structures, cables in cable-stayed bridges or offshore structures, light 
aerospace structures, etc. More laboratory tests need to be performed using these larger and 
more complicated multi-degree-of-freedom (MDOF) structural models. More than one pairs 
of jets could also be tested for their effectiveness in suppressing the vibrations of spatially 
complicated structures. Such tests also require significant upgrades in the experimental 
hardwar
Future directions of research can also be concentrated on extending this work to incorporate 
the case of different control algorithms instead of the bounded state control used in the 
present work. Additionally, the design optimisation of the jets is another crucial issue that it 
should be mentioned as a future task to improve performance. 
Finally, the present study provided evidence that jet pulses can also be used in experimental 
structural dynamics as excitation sources for vibrating the structure and identifying its mo
c
b
frequency range of applicabi
u
identifying structural changes and detecting structural damage.  
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